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ABSTRACT 

Two deciduous forested areas near Edmonton were studied for 
a two year period to ascertain the seasonal fluctuation in 
the natural abundance of mercury in litter layers. Inputs of 
mercury were assessed by monitoring levels of mercury in 
POLeESERVECetatlon, im raintall ein dry rdeposition, Tandy in 
soil gases at various times of the year. Levels of mercury 
in forest litter were also monitored as it decomposed under 
field and laboratory conditions to assess possible loss or 
negative enrichment. The form of mercury present in organic 
surface soils was determined by a pyrolysis experiment. 

Levels of mercury in L, F, and H horizons sampled in 
early spring were 81, 129, and 63 ppb Hg, respectively, and 
were generally lower in June and July and decreased to 
minimum levels of 67, 63, and 40 ppb Hg, respectively, in 
August. Starting in late August, content of mercury in 
organic surface horizons increased sharply to a maximum of 
about 133 ppb Ho in late September afterwhich levels 
declined towards summer values. Emanations of gaseous 
mercury, measured directly above litter and mineral _ soil 
horizons, were low or not detectable during most of the 
spring and summer but increased dramatically during August 
and September to a maximum of 4.9 ug Hg/m?/day. The two to 
three fold increase in mercury levels in litter layers 
coincides with the large flux of gaseous mercury during the 
fall season. The release of gaSeous mercury and the 


subsequent temporary enrichment of mercury in organic soil 
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horizons appears related to seasonal trends in soil moisture 
and temperature. 

Return Orem atmospherics mercury toe sovlrethroughtdry 
deposition and rainfall occurred at levels and rates below 
the detection limit of the method. Results of the pyrolysis 
experiment suggested that the surface soil horizons 
contained a variety of mercury compounds and/or a diversity 
of ways in which mercury is organically bound. Negative 
enrichment of mercury does not accompany decomposition of 


leaves in the field. 
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I. INTRODUCTION 

Strong interest in mercury in the environment stemmed. from 
both the Minamata (1956) and Niigata (1965) catastrophies 
where acute toxic effects were observed in people consuming 
contaminated fish. The source of mercury contamination was 
traced to certain industrial wastes. Following 
investigations of these incidents, interest in the 
distribution of mercury spread to other areas and mercury 
was found to be widely dispersed. 

Mercury 1S naturally present in the environment 
however, the concentration usually ranges from a few parts 
per billion to a few hundred parts per billion (Shacklette 
et al., 1971; McKeague and Kloosterman, 1974). Mercury is 
readily cycled in nature. Through biological and chemical 
processes, pathways exist for the movement of mercury in the 
environment. Mercury iS present in rocks, soils, plants, 
water, and air and is continuously cycled among components 
of the terrestial and aquatic ecosystems. 

A few recent studies have shown that organic layers of 
Luvisolic soils contain elevated levels of mercury in 
comparison to levels of mercury in underlying mineral soil 
horizons and in grassland soils (John et a/]., 1975, McKeague 
and Kloosterman, 1974, Dudas and Pawluk 1976). Samples of 
leaf litter from forested soils in Alberta appear to contain 
5 to 20 times as much mercury as that in most mineral soils 
in the prairie regions of Western Canada (Dudas and Pawluk, 


1976). Reasons remain to be documented for such elevated 
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levels. 

Several accumulative mechanisms have been described in 
the literature in an attempt to explain abnormally high 
levels of mercury in certain soils (Jonasson, 1970). These 
mechanisms may also account for the apparently elevated 
levels of mercury in LFH horizons of forested soils. First, 
MEscCuryerine® the (rooting jezone =mayeibesatakenr up by? -the 
macroflora, translocated in the plant and then returned to 
the soil surface by deposition of leaves and needles. With 
decomposition of these plant residues, mercury may become 
negatively enriched. Secondly, mercury in a vaporous’ form 
emanating from the earth's crust and mantle may diffuse 
upward through mineral horizons and become adsorbed on humic 
material in the organic rich layers. Thirdly, mercury in the 
atmosphere may be adsorbed by the flora and by the organic 
layer itself. Precipitation may enhance the transfer of 
atmospheric mercury to soil. 

Little is known about how these mechanisms collectively 
contribute to the mercury status of Luvisolic soils or of 
soils in general. Indeed, almost all previous studies on 
soil mercury have simply dealt with static measurements of 
the ecta lm quan Sibyaot imercunyewin eordemis Co lsobtain ca 
background level. Studies have not been conducted to 
evaluate the possible fluctuations in normal background 
levels of mercury in a given soil during the seasons despite 
the fact that mercury is notorious for its mobility 


particularly in biologically enriched environments and is 
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continually lost from and added to soil in response to 
global cycling of the element. Elevated levels, such as 
those reported for the Luvisolic soils, may be transient and 
a reflection of conditions where the rate of addition of 
mercury temporarily exceeds the rate of loss of the element. 

Accordingly, hem Ob eCtavemmOt. AbNUSemeStiUCyamiwaSomato 
characterize and illustrate the dynamic behavior of mercury 
in soil through quantitative and qualitative assessment of 
seasonal fluxes and balance of mercury associated with 
Surface horizons of deciduous forested soils. A motivating 
assumption at the onset of the study was that levels of 
mercury in soil vary seasonally in some systematic but as 
yet, unidentified manner. To achieve the objective 
continuous and intermittent meaSurementS were made to 
Guantutyesslevels ofsamercuryagrainy fronest vegetation, in 
Houmas). ine SOI w gases,. Btand™ in) "drye. deposition during 
various times of the year aS a meaSure of imputs. Potential 
loss and/or negative enrichment was assessed by monitoring 
levels of mercury in fresh litter as it decomposed under 
field and laboratory conditions. Levels of mercury in L, F, 
H, and Ah horizons were continuously measured for two years 


torascertain ther seasonad fluctuattons and netibalance. 


II. LITERATURE REVIEW 

Mercury is widely distributed throughout the environment. 
This element is present in the lithosphere, biosphere, 
atmosphere, and hydrosphere in various chemical and physical 
norms. slhere jisima Gonsvant global Bicycling /fof matural. “and 
anthropogenic sources of mercury through these four 
environmental reservoirs in response to a combination of 
brological, chemical, and physical processes. Because 
mercury 1s cycled through the four reservoirs, it obviously 
must move through the soil. Therefore, soils are Subject to 
inputs and outputs of mercury. 

These inputs and outputs of mercury to and from the 
soil depend on geological, biological, and atmospheric 
Sone Duewmons | tOmetnewmeglobals cycle tofimercuny. The aim of 
this literature review is to bring together the details on 
geological, biological, and atmospheric contributions to the 
mercury status of soils. The contributions to the mercury 


cycle refer to tranfers, losses, and additions of mercury. 


A. Global Cycle of Mercury 

Element cycling models are often used to describe 
dispersion of materials on a global basis and to estimate 
themenangesor “the natural ‘chemical cycle .tdue. to mans 
activities. The global mercury cycle describes the fluxes of 
mercury among the earth's atmosphere, land, rivers and 


streams, oceans, and sediments. 
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Estimates of pre-man and present cycles of mercury are 
Shown etek LOULcCSM sana cetakenet ron Gat nels etwa ler (1975). 
The model of pre-man cycle of mercury (Figure 1) depicts 
four major reservoirs which includes the earth's atmosphere, 
land, oceans, and sediments. The pre-man cycle of mercury is 
considered to represent a steady state condition (Garrels 
et al., 1973) therefore , there is no net accumulation or 
net removal of the element in each of the reservoirs. 

The estimate of the flux of mercury to the oceans’ from 
weathering of rocks is considered to be equal to its 
Gepesbe Ona l rate stOst he sneservoil A); ose k 10 Se cueig7 year) 
(Garrels et a]., 1973). The rate of mercury transport from 
uplift and erosion from sediments to land is also considered 
to be equal to the depositional rate of mercury. 

The amount of mercury released to the atmosphere from 
land and sea surfaces is assumed to be equal to the amount 
of mercury vapor rained out of the atmosphere to the land 
and sea surfaces (Garrels et a/]., 1973). The total mercury 
flux to the earth's surface was computed to be 2.5 K 10'° g 
Hg/year, and the mercury fallout on land and sea surfaces is 
proportional to their surface areas. 

The mercury masses in oceans, land atmosphere, and 
Sediment Se ale 24 2.) eee | a) ae me uc game (eee Oi echt 
3.3 kX 10'’ g Hg, respectively. The mercury mass in land was 
determined by using total land area less that covered by ice 
(Hi 30 Kee Sercm-)seeeaverager esol thicknessmuo0scm)., soll 


density (2.5 g/cm*?), and mean content of mercury in soil (50 
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Figure 1. Model of pre-man cycle of mercury. 
Reservoir masses in units of 109 gq; 
TP OxeS sin UnitSeor 0-1 7 Vr 
(taken after Garrels et al., 1973). 


ATMOSPHERE 


MINING SEDIMENTS 
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Figure 2. Model of present-day cycle of mercury. 
Reservoir masses in units of 10° g; 
fluxes in units of 108 g/yr 
(taken after Garrels etval-, 1973). 


ppb) ,weThesvaluerotssorledensity. (2750q/cm*) mused by Garrels 
et aleyeci9/3)Mis particlemsdensityurand Gnoterbulk, density. 
which should have been used in the calculation. If bulk 
density had been used, the value of mercury mass in land 
would have been 50% lower. 

The mean residence times of mercury in the four 
reservoirs are 11 days for the atmosphere, 3200 years for 
OCeansyas, Desa @vearsetor Sediments; wander 1000vmyears efor 
the land mass (D'Itri et a/., 1972). A short mean residence 
time is paralleled by a small concentration of mercury, 
whereas a build up of mercury occurs in the reservoirs where 
the mean residence time is large. The relatively short mean 
residence time of mercury in the atmosphere demonstrates the 
high chemical and biological reactivity of elemental and 
organo-mercurial compounds. Mercury released to the 
atmosphere by vaporization of elemental mercury and its 
compounds is ina highly reactive form, widely distributed 
and quickly returns to the earth's surface. The relatively 
long mean residence time of mercury in sediments, oceans, 
and land demonstrates that, aS mercury is released from the 
weathering of rocks, it becomes chiefly water-transported in 
a relatively unreactive form. This mercury then becomes 
buried in sediments, where it remains relatively unreactive. 
A large amount of mercury is fixed in sediments and_ rocks 
but with weathering, a small amount is mobilized and quickly 


cycled through the atmosphere, land, and oceans. 
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The model of the present-day cycle of mercury (Figure 
2) depicts the anthropogenic sources of mercury, and its 
effect on the four major reservoirs. The model of pre-man 
cycle of mercury serves as background for the model of 
present-day mercury cycle. The main differences between the 
two models are the higher fluxes between reservoirs of the 
present-day mercury cycle as compared to the pre-man cycle. 

Anthropogenic sources of mercury cause levels to rise 
in air, soil, freshwater lakes and streams, and ocean 
estuaries (D'Itri et al., 1972). Some of the anthropogenic 
sources include mining, chlor-alkali production, combustion 
Obeelossrigatuels, pvcementy manufacturing, = and #roasting ot 
sulfide ores (Fimreite, 1970). 

Unlike the pre-man mercury cycle, the present-day 
mercury cycle is not in a steady state condition because the 
land and ocean reservoirs have a net gain of mercury, while 
the sedimentary rock reservoir has a net loss of mercury. 
The atmospheric reservolr remainS in a steady state 
Gonditvons 

In the present day cycle the fluxes of mercury from 
oceans to sediments, from sediments to land, from land to 
eceanss and “fromy lands sto™ ther satmosphererare 325° 2 107, 
Gum | Oe >. Cn Xie. Ocemrd. O2mexs 1 0M VORaHG/ yeary =urespectivel yr 
TMhieremmic MalcOera NilUsemor on0y Xa C28q HoZvearetomuhesland 
reservoir due to mining. 

Thewspnesent total “Slux  Sotgmercuny stOgenegatmosphere 
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the pre-man cycle, the input of mercury to the atmosphere 
from the land and sea surfaces is assumed to be equal to the 
amount of mercury vapor rained out of the atmosphere. Its 
CuSemubDULT ONS eUupOne return, to vthe = earth’ Seesurface 82s in 
proportion to the land and sea surfaces. There is a net 
increase of 2.3 X 10° g Hg/year to the land surface because 
ObVthe nerveresultsvofemining andeutrlizativon of simercury “on 
land, and the increased mercury content of rain over land. 
Several conclusions can be made through the use of 
mercury cycling models. The atmosphere plays an important 
rolegmnache mobili zatronvorimerciny . Mlhemet  uxmecteimercuny 
from the earth's surface to the atmosphere 1S several times 
larger than that occurring between continents and _ oceans. 
The use of mercury by man and the subsequent emissions to 
lands, rivers, and lakes, together with increased erosion 
rates have elevated mercury contents of lakes and rivers by 
amracvor OfMtWO tOmmrOur, mINCreaSsesmmeine srOctalmmconcvent sor 
mercury in oceans has been negligible. The content of 
mercury in soils appears to have increased only by 0.02%. 
These small®ineréase in content of mercury@in Sorls irom 
pre-man levels suggests that the addition of anthropogenic 
sources of mercury does not cause an appreciable net 
aecumulataonvol mercury Win tthe slandi@nreservouremete vaiso 
suggests» emercury @ine soil 91s highly “dynamic 1ikeGwater, 
Carbone a BanGmantErogen. mlhessincreased™ amount Of @mercury 
entering mcphne slande andeasorleesegment VOorm tnespresent-day 
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streams, oceans, and sediments. 


B. Contributions to the Mercury Cycle and to the Mercury 
Status of Soils 

In this section of the literature review, emphasis will 
peeeons the “landi@and! soil’ ~ seqment® ofetherqlobal natural 
mercury cycle. In view of the preceeding discussion dealing 
with the cycling of! mercury, and with’some hindsight, it is 
BApparentethatethe mercuny Statuses ofesoi leas onl ye) partially 
determined by the initial geologically inherited mercury 
levels (content of mercury in soil parent material). The 
mercury status of soil is also influenced by the nature and 
magnitude of transfers, losses, and additions of the element 
during soil evolution. Transfers, losses, and additions of 
mercury occurs in response to the large scale geological, 
biological, and atmospheric contributions to the cycling of 
mercury. The movement of mercury into and from the_ soil 
appears related to volatilization and transfer of mercury 
thecughemthesesoud Store che atmosphere largely through 
geologically related phenomenon, return of mercury to the 
landeemass aang, S01) ~bys precipitation and adsorption, 
vegetativesscyclang Of mercury) ) throught soidy and slossmor 
mercUryee back to 8the Satmosphere) through pebiclogicai@eand 
physical-chemical reactions. 
Terrestial abundance of mercury 

The abundance of mercury in the earth's crust is 80 ppb 


(Krauskopf, 1967). The average content of mercury in _ both 


11 


Granite seandabasaltjis 80 ppb Ho. while -shalesscontains an 
average of 400 ppb Hg. Sandstone and limestone each contain 
an average of 75 ppb mercury (Garrels et a/]., 1973). These 
rock types constitute, alone or in combination, the source 
of geologically inherited mercury in the parent materials of 
MmoSte iol). vAccordingly, sone could texpect athat the jinitival 
amount of mercury associated with mineral materials in soils 
would @ebey iim generally about #80 to.100 ppb s1On thissbasis; 
most soils appear to have experienced a net loss of mercury. 
For example, the mean geometric concentration of 912 soil 
samples collected and analyzed from numerous sites 
throughout the United States was 71 ppb Hg (Shacklette 
et al., 1971). The average content of mercury in 253 samples 
collected from various locations throughout Canada is 54 ppb 
(McKeague and Kloosterman, 1974). The lower contents of 
mercury in soil compared to its geochemical abundance 
reflects the dynamic nature of soil mercury and loss of the 
element from soil mineral components. 
Volatilization and transfer of mercury to the atmosphere 
Mercury is a naturally occurring element and because of 
the high volatility of elemental mercury and some softy its 
Gnganiommcompounds,, "ty is) widely dispersedmimyGhesear tlgs 
atmosphere. Release of mercury to the atmosphere can occur 
through weathering. of rock, volcanic) emissions, biological 
emanations, and degassing of the earth's mantle and soil. 
Estimates of the amount of mercury released from these 


processes varies greatly. The weathering of rock has_ been 
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estimated to release 230 tons mercury per year (Joensuu, 
1971) and 5000 tons mercury per year (Goldberg, 1970). 

AS DAUCTLY SOL NInitOrmationy ex1Ssteaeuwonmethe releases of 
mercury through volcanic processes until the recent study 
published by Siegel and Siegel (1978) on mercury emissions 
associated with the Kalalua eruption in Hawaii in 1977. 
Preeruptive values of 1 ug Hg/m* were found, while during 
tnewebeginnings of ~full® Scale *volcanic® activity. mercury 
emissions were 50 to 200 ug/m*. Measurements of mercury 
released to the atmosphere from Sulfur Banks, a fumarole in 
Hawaii, were also made by Siegel and Siegel (1978). 
Measurements made at ten meters from emission sites showed 
the. level of mercury released to the atmosphere was 800 
ug/m?/day. At stations 200 and 380 Km away from _ the 
fumarole, the level of mercury in the atmosphere was 1/10 as 
much. Mercury released from point sources such as volcanoes 
and fumaroles can increase the atmospheric levels, however, 
the magnitude of such contributions are not accurately 
documented. 

Degassing of the earth's crust, a major process in the 
mobilization of mercury from land masses, has been estimated 
EO@ EDange wm Gone eZee tLOue oUUms IOS LOnSsm ote mercuryepers year 
(Weiss et a]., 1971). Degassing rates measured in California 
byes vabiouseeauthorse range miromm 00014) vom 07 ug Hg/m? /day 
(Dibene eh mal.,) aor c) see Lhemeni oher Sr1atecemoteeceqassang 
typicallyvoccur over mineralized” areasewhilesthe™lowererates 


are encountered over non-mineralized areas. Calculations 
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based on a state by state inventory of mercury emanations 
from mineralized and non-mineralized areas indicate the 
avieragemaegaSsSungmratesfOrmthestlinitedestatresm@r seins Selous 
Queatcy ma/yearm (Vanes Hoon) 901975) a This mececqassing Bratenic 
equivalent to 0.36 ug/m’/day. The amount of mercury present 
ii) all Square meter "o£ tsovl, to avdepth of SO cmpethatehad a 
DULL EdenSityeonw! 12 ed/cm seand a concenttation €or amereury act 
70 ppb would be 42,000 ug Hg. Assuming the degassing rate is 
0.36 ug/m?/day it would take 320 years for as much mercury 
to move through soil from degassing as total mercury present 
in the soil. In Alberta, the two study areas of this project 
are not over mineralized areas anda low degassing rate 
(less than 0.36 ug/m*/day) would be expected. 

Mobilization of mercury 9 us Talsovtattributable “to 
biological processes. Bacteria have been found to volatilize 
methylmercury aerobically as well as anaerobically (Spangler 
et al., 1973; Magos et a/]., 1964). Several methane-producing 
Species of bacteria are known to degrade methylmercury 
producing methane as a degradation product along with 
PiOLgaimece “MercuryrnasSe Hg’? @alSpanglermrcthewal 7) m1Cs 3) arhe 
mercuric ion can be reduced to mercury metal which vaporizes 
and dessiminates through the atmosphere. Bacteria of the 
genus Pseudomonas can preform the reduction of divalent 
inorganic mercury to elemental mercury (Magos et al. 1964; 
Furukawa et a/., 1969). The production of elemental mercury 
through biologically mediated reactions could be important 


in the eventual volatilization of mercury from soil. 
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mhesemgeological; biological, sand) other purely chemical 
processes account for the mobilization of mercury to the 
apmospherese thes annualeinatural efdux off) meretrys, to athe 
atmosphere) (ase from @25,000\ tos 30, 0008metrics tonsaper year 
(Korringa and Hagel, 1974; Heindryckx et a]., 1974; Wollast 
et al., 1975). Estimates of natural and anthropogenic 
sources of mercury released to the atmosphere collectively 
ranges) tromea4],000%@ tore50,000 metric tonss, Opinions: om ithe 
relative magnitude of natural and anthropogenic sources of 
mercury released to the atmosphere differ in the literature. 
Some authors state man and nature contibute equally to the 
total amount of mercury released to the atmosphere 
(Lockertz, 1974: Goldberg, 1970). However, others feel 
anthropogenic sources of atmospheric mercury can not rival 
the degassing rate of the earth's mantle (Weiss et al., 
io jee OeNSUU, ) 197s Sderneloy Sebwaliey artis >) Korninga and 
Hagelen 1974" Heindryckseet fale; sio74 -BwWoltast. ef alee: 
Boyle, 1971). Even though the natural output of mercury may 
exceed the anthropogenic output of mercury, man's activities 
have PhacueansetfLect on the amount) oftemercurylcirculatiung~an 
the environment (Figure 2). 

Mercury does not appear to be uniformly distributed 
throughout the atmosphere. Over areas of non-mineralization 
content of mercury in the air is generally in the range of 1 
to 10 ng/m? for the United States (Johnson and Braman, 1974; 
MeCattnvyemeroead! i, 1970). A world average of 20 ng Hg/m* was 


estimated by Eriksson (1967) while Williston (1968) 
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Suggested myalues sranged @iromeyllitom 50 1 noteic/maerewltheran 
average @¥Onm sang/i 1 inethe SanvMranciseo Bay sareaeecalawel! 
(1972) reported atmospheric levels of mercury over 
non-mineralized land areas in the United States to be in the 
Hangerolyietoe200 ng Hg/m*. Over areas of mineralization, 
Tevels@rol emercury pwappear® to ibe #10Ntom:, 000 times toreater 
(Caldwell, 1972). 

Williston (1968) reported levels of mercury in the air 
over the open sea were 0.6 to 0.7 ng Hg/m*. The low levels 
of mercury found in the air over the ocean suggests that the 
land surface is the principal source of atmospheric mercury. 
Atmospheric content of mercury above land masses appears to 
be higher than levels above oceans, even in areas which are 
free from obvious pollution. The heterogenous nature of 
atmospheric levels of mercury reflects the short mean 
residence time of the element in the atmosphere. 

In addition to geographical differences, seasonal 
variations in the concentration of mercury in the aumoarne ne 
have been noted. For example, in the San Francisco Bay area 
the lowest values (0.5 to 25 ng Hg/m*)were found in winter 
while the highest values (1 to 50 ng Hg/M*) were found in 
the Summer. The low values occurred when winds were 
predominantly from the oceans and the high values occurred 
when winds were mainly from the land. 

Levels of mercury in the atmosphere are not ‘uniform 
with altitude. Atmospheric concentrations of mercury in 


Tampa Bay, Florida varied with height above ground (Johnson 
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and Braman, 1974). Mercury levels at 0.1 meter were higher 
than levels at 10 meters above ground. At the Ord mine in 
Arizona, concentrations of mercury at ground surface vary 
EComem OC@E PC ee 20,000 enGgym’ tT ttoa24etomi08 ng/ma tate 4005 fect 
(MeCanthy et tal. pa9 70)" 

Conflicting information exists in the literature on the 
diurnal changes in the levels of atmospheric mercury. For 
example, levels of atmospheric mercury increased at night 
and decreased during the day over land in the Tampa Bay area 
(Johnson and Braman, 1974). The magnitude of the levels of 
atmospheric mercury were directly opposite to the 
agretemperature: Elucttatrons.) in contrast, the amountrot 
MescucyMinethe aire at the Ordvimine* eine eArizona sreached 
maximum levels of mercury near midday and minimum levels at 
2:00 a.m., a trend that parallels the diurnal change in the 
air-temperature (McCarthy et a/]., 1970). 

Only limited information exists on the form of mercury 
in the atmosphere. StudieS on atmospheric speciation of 
mercury in Tampa Bay, Florida showed more than 90% of the 
mercury in the air waS primarily "volatile" and composed of 
Hg-II type compounds, methylmercury-II type compounds, and 
elemental mercury (Johnson and Braman, 1974). "Particulate" 
mercury represented less than 10% of the total mercury in 
thesmaituunear’ the Sorcundes The lowelevelaor™ (pactaculare! 
mercury in the air suggests that mercury accumulation = on 
vegetation or soil surfaces from dry deposition would not be 


aceimportantmas OthenwaccumUlatives processes Such vasSmedirece 
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adsorption. 
Return of mercury to the landmass and soil by precipitation 
and adsorption 

Mercury released to the atmosphere is rather quickly 
returnedetortheseart habyedepositionsimMeposition canwoccur by. 
both wet and dry processes. Deposition of mercury on the 
solid surface of the earth, estimated by Weiss et al (1971), 
1s between 2.5 X 10'° g Hg/year (equivalent to more than 2 
g Hg/ha/year) to 1.5 X 10'' g Hg/year. The amount deposited 
OmboOmethesisouls Got (Sweden aby Uraimleiseelo2co Ho/hay year 
(Andersson and Wiklander, 1965). If 1.2 g Hg/ha/year of 
mercury 1SFradded tlogavsolrliwithrarbulk density aot 20 07cm: 
anaeeo la .depth ofe2 empewithout volatiluzationslosses of cany 
of the mercury, the annual increase of mercury to the soil 
would be equivalent to 50 ppb. Since most soils generally 
Gontarmn 50 ton,s0tppb *H9, *there must be fantannual sturnoverror 
mercury equivalent to the amount added via yearly 
precipitation. 

One possible mechanism for the surface deposition of 
mercury from the atmosphere is the removal of mercury by 
e€endensation or adsorption on dust particles» (Williston, 
1968). If mercury is in the form of particulate matter, dry 
deposition rates would be proportional to aerosol levels 
(Matheson, 1977). Suspended particulate material was found 
to contain 50% of total mercury present in laboratory air, 
while Settled) Gustercontained™ lowemmelevelcw pom Emencuny 


Suggesting that mercury is mainly associated with submicron 
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Parnticlesm (kethny jen 1976)88 The largesgsurtace area o£ 
submicron particles for contact with mercury vapor could 
explain the large proportion of mercury associated with the 
small particles. 

However, some studies suggest that mercury in 
particulate matter only makes up a small fraction of the 
CLOtademMercury contenteoretherair. For example, fiain favastudy 
consisting of 54 speciation measurements in the Tampa Bay 
metropolitan area, mercury in the particulate form only 
represented: —4% 70L8 the totals “mercury mecontent of thenair 
(Johnson and Braman, 1974). infairesamples | of” Chicago Sair 
mercury in particulate form contained an average of 4 ng/m? 
while mercury in elemental form averaged Ze ng/m°* 
(Wroblewski, 1974). 

There also appears to be some discrepancy in the 
literature on the effectiveness of rainout and washout. For 
example, reported meaSurements showed a heavy rainstorm can 
completely washout mercury in the air even in polluted areas 
(McCarthy et a]., 1970) and McLean (1976) suggests that 
mercury concentrates in rainfall and snowfall. However, it 
has also been reported that the total mercury in the air was 
not affected before, during, and after a thunderstorm 
(Johnson and Braman, 1974) and that after a rainstorm the 
levels of mercury in the atmosphere increased (Cooper 
ere fell. SIMs 

The effectiveness of rain to remove mercury from the 


atmosphere depends on the solubility of mercury in water. 
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Mercury in the vapor phase has a higher solubility in 
distilled water saturated with air (47 ug/liter) compared to 
deaerated water under nitrogen (20 to 30 ug/liter) (Kothny, 
To7e een times possible) thatttlevelicmictarmencury eniientne 
atmosphere could be affected by whether a cold or warm front 
produced | the Pirainstorm: «Cold ifrontseprovide fand enreulate 
Presh jain as "compared tova warm front) y andy othe level” of 
merrcury in the atmosphere may decrease during the 
rainstorm, while during a warm front the level of mercury is 
not affected or is even increased by the rainfall (Kothny, 
1973). The solubility of mercury vapor is known to increase 
with increased acidity (Lockeretz, 1974) which suggests acid 
precipitation could be an effective medium for the washout 
of atmospheric mercury. 

The effectiveness of wet and dry deposition of 
atmospheric particulate matter containing mercury appears to 
be uncertain. However, deposition of mercury vapor (vapor 
impact) occurs. Dry mercury vapor is adsorbed by organic 
materials in soil which are strong adsorbers of mercury 
vapor from the air (Matheson, 1977) and by aerial surfaces 
6Emplanuss (Siegel ef "vals, SISTA; = °Lindbergq@reteyal.% 1979; 
Huckabee and Janzen, 1975). Dry mercury vapor impact also 
occurs onto water surfaces (Ontario Ministry of the 
Environment, Air Resources Branch, 1978). 

Recent findings in a study of atmospheric mercury 
deposition in Ontario showed that the mercury flux 


associuatedmawith. (precipitation was 30 ug/m?/year at 


wis .dt- gaussgn, io- 2iarok 
nes] MEP Stop « sehschaaiseaannnt va Hivet 


‘eluate Ste shivetg eins! Bik? wire olain Lew pn 


ont. 

fo. bgval eda Saw | ghiesa A26Y & 3t “soos tea ¥ 
a, 

ai> elses) otest Ion z ack a all> we <a 


ay @1ustati Go) Sev! if S852 -aeey © pore obidig entate 
gaiscon) iieifine ody | yehEACt an at ag betgutte i 
eendesii 4 i be Se ; (dul oe bik og - 
bios edaecaue «i: | Seatehoo4) v2 led panies de rer 

oy’. ‘ete q8. qubhep | wtigeelte. bese ie: aac a4 


eon us & 


Nod dgsges PP AT 0. Ler,’ Gree beni wo 


0") [oa Ay' ' lie t ed 10h. WY et : 
sidteee yo Su! eo h- she yA sues ean : 
iL = m 1 ard 4 ee a eee ; ine fd jase 
90362 tt: = ® C1 St erwe Le a Subs ogy < 
ane — re pet » Wepase ‘eronign i. 


elgg AQRM, F/ 0% 219i 24 cosy 2 wins 7 


was Lal 7etel \ aiaktad Seagizo8 "car et 

are;) Pires. eoxvte: cet 
Cwoieh,  Sh15iAyhe te) 96: Yby se 5 Sia 7s 
esi, “wwotet of) this Betas 8 bat eres 


shevy*aher, GRE fem «eases gt: 


ca ae 


20 


‘ Mississauga and 20 ug/m?/year at Dorset. Particulate mercury 
deposition rates were 5 ug/m?/year in Mississauga and 
essentially non-detectable at Dorset: constituting a small 
fraction of the total mercury deposition flux (Shroeder, 
1981). Dry vapor deposition rates were estimated by mass 
Eeansfer eoefircientencalculations "to range frome45rto 110 
ug/m?/year. However, even though dry vapor deposition 
BpPecakS etOmeberyethe eiiajorrcontributoratorrhertoualemercuny 
PAUxe andl comparedm itomedry ‘particulate deposition and 
precipitation, it is at present the least precise measured 
component. 
The role of vegetation 

Since mercury iS not totally excluded during the 
process of ion uptake by plants, the element is biocycled 
through soils. Most terrestial plants, excluding those 
treated with mercury-containing pesticides, do not contain 
high levels of mercury (Lagerwerff, 1972), Usually, levels 
of mercury in plant tissue are substantially lower than 
levels in soil upon which the plants grew even in regions 
where soils contain naturally elevated amounts of mercury 
UShacktertesery al. , 91970). "Although mostugmercury ying eplant 
tissue arises from uptake of the element from soil, a small 
amount of atmospheric mercury is adsorbed onto aerial plant 
surhacesma (Sieqelwermralt, lols  bindberomictaeci eilad2, 
Huckabee and Janzen, 1975). 

In contrast to higher plant forms, mosses, lichens, and 


basidiomycetes act as accumulators of mercury. Levels of 
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mercury in mosses and lichens were enriched from six to 
eight fold compared to amounts in soil (Siegel and Siegel, 
1973). These authors also report basidiomycetes, the major 
litter and wood decomposing organisms in forested soils, 
eentain)3.50timesvas much mercury as#@in the hostesoils Since 
mercury in these lower plant forms originates from the 
supportive media (soil) the organisms, upon death, do not 
@reate a’ new input of merctry. «Instead, stheirvcontribution 
would = besim retarding thevvolatilization andisioss of soil 
mercury. Soil dwelling organisms that accumulate mercury 
would also increase the mean residence time of the element 
which in turn determines the total quantity present in soil. 
Mobilization of soil mercury 

Mercury is released from the soil back to _ the 
atmosphere through several reactions. One common. process 
HHVOLVeS Hthe l =reduction) of pthessimercurice: tone toevolatile 
metallic mercury (Jernelov, 1972). Bivalent mercury can _ be 
converted biologically to the volatile forms of monomethyl 
or dimethyl mercury (Jernelov, 1972). 

Thee frolés of microorganisms mgmobilizing mercury from 
S011 was “clearly Sdemonstrateds "by {Landa (11978) 298in this 
experiments, samples of soils were either left untreated, 
autoclaved, or ineorporated twithetglucose? gihew treatments 
were designed to suppress and to stimulate microbial 
activity. Soil samples were then ammended to 1 ug Hg/g soil, 
incubatedymeand Sthesloss of mereury from eachetreatment iwas 


monitored over time. Autoclaving greatly suppressed the loss 
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of mercury from soil compared to the losses incurred when 
glucose was added to stimulate biological activity. In 10 
days, glucose treated samples had lost 5 to 35% of the added 
mercury depending on the soil sample while in the same time 
interval, autoclaved samples only lost 1 to 10% of the added 
mercury. The increased mercury loss rate accompanying 
glucose additions and the suppression of losses with 
autoclaving clearly demonstrate soil biota plays a major 
role in the mobilization of mercury from soils. 

A Similar conclusion concerning the role of 
microorganisms was suggested ina study of the nature of 
mercury in Chernozemic and Luvisolic soils in Alberta. Dudas 
and Pawluk (1976) found that in Chernozemic soils, lowest 
values of mercury were always found in biologically enriched 
hoORUzZONSs phon) GChernozemic Solis pyAheehOrizons econtamned San 
average of 26 ppb Hg while respective C horizons contained 
an average of 44 ppb Hg. These authors concluded that the 
lower content of total mercury in A horizons as compared to 
bevelsmineGshonizons, Ywas “due@ \tomether volatileyloss scr 
mercury promoted by microbial activity. 

Inagancener “Estudy samp lesamon Ap horizons from 
cultivated Solonetzic, Chernozemic, Luvosolic, and Gleysolic 
Soli. SeinvAlberta were shown toecontaingirom 20mto 40 ppbi ag 
(Dudas and Pawluk, 1977). These cultivated soils were known 
to have received mercury from pesticide chemicals. In 1976 
these authors showed that uncultivated Chernozemic soils, 


presumably free of mercury contamination, contained 20 to 35 
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ppb Hg. Since there was little difference between contents 
CUpeMeECucya tieecullLivatedsasoumsmnandminavicgin@sorls* ithe 
extensive use of pesticides containing mercury for cereal 
GCEOp Sproductione rin vAlberta®(Fimreite; 1970) #didenotenesult 
in permanently elevated levels of soil mercury. The added 
mercury must have volatilized through microbial activity. 

It has also been shown that elemental mercury evolution 
HSaemediated bye hundce@acid VeThise@rneactionperwhichs sta 
reduction, envolves the interaction of the mercuric form 
withpacneosiree Gradivcalylelectrons Gofi@ihumictacidi(Alberts 


eCurale 4974)" 


CeaMercury  imesorl 

Mercury iS ubiquitous in the natural environment but 
its concentration usually only ranges from a few parts per 
billion to a few hundred parts per billion. The abundance of 
mercury in soil is usually similar to or somewhat less’ than 
crustal abundance (80 ppb). 

Shacklette et al (1971) collected and analyzed 912 
samples of soil from numerous sites throughout the United 
States and found the geometric mean concentration of mercury 
was 71 ppb. A mean value of 60 ppb Hg typifies the mercury 
status of several British soils (Warren and Delavault, 
1969). In Alberta, Dudas and Pawluk (1976) found levels of 
mercury in uncultivated Chernozem soils averaged 26 ppb Hg 
for Ah horizons while C horizons from the same soils 


contained an average of 44 ppb Hg. Soil horizons from 
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Chernozems and Luvisols from both cultivated and 
uncultivated soils in Saskatchewan contained from 10 to 40 
ppb Hg with none of the horizons exceeding 60 ppb Hg (Gracey 
andeestewart, —1974). Sit “1s not® vapparent why contentsmot 
mercury in Canadian soils are substantially lower than 
levels in soils in the United States. 

Some soils contain levels of mercury that are much 
higher than the aforementioned average values. Soils with 
elevated levels of mercury are often located over deposits 
of cinnabar or polymetallic ores (Jonasson and Boyle, 1972; 
JOnneetealn? 197 5earedorchuk, (1958), ineregions Of volcanic 
activity (Sigel and Siegel, 1978), and in regions where 
tectonic disturbances prevail (Jonasson and Boyle, 1972). 
Because of its high vapor pressue, gaseous mercury can 
escape from hydrothermal solutions (Fedorchuk, 1958). The 
vaporous mercury can then penetrate host rocks, where it may 
be deposited as cinnabar or as a finely dispersed elemental 
mercury. Gaseous mercury is readily intercepted by 
bituminous carbonaceous clay shales (Fedorchuk, 1958). Some 
shales and coal deposits may contain an appreciable amount 
GEaMeroury and» cOuUldpaccoune FoOrehigher levels of mercury in 
some soils (Hammond, 1971: Fedorchuk, 1958). 

Soils located in a general mercuriferous belt in 
Beversh acColumbia Seontain» reravively highsconcentratzons of 
mercury (John et a/., 1975). The average content of mercury 
inssthe surface mineral’ “horizons! waS°85 ppb Hq: Ini Pinchi 
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background levels of mercury in soils range from 10 to 310 
epbeHg (vohnwetial 81975). "Some! soilstin Britainewereytound 
HOsC OUCATiIMOn ome Oro PpMehge (Warcentetm@rci nym )|Soo) ma lhese 
soils were elose #tor thes GCotnumeaMrne=hinsakuiles swoiere 
Significant amounts of mercury occur as a by product of base 
metal refining. 

Elevateadslevels of mercury Oftenscccur injsoil horizons 
enriched in organic matter (Shacklette et al., 1971; John 
Ciaaie, 1975). ein BoiteshiGolumbia the Surtaces herazons wot 
peaty muck soils and those predominated by vegetative litter 
contained an average of 164 ppb Hg (John et aj., 1975). 
Elevated levels of mercury present in soil horizons enriched 
in organic matter were also observed by Dudas and Pawluk 
(97 6) Sein aestudyeot LuvyirsolicysotlsmingAlberta. They stound 
levels of mercury in forest litter were several times higher 
than amounts in underlying mineral horizons. The levels of 
Mercury in surfaces horrzonsyvofwLuvisolac so1vls ~ranged “from 
7oemec. 81 55e8eppb Ho. slevelseot merecunyeinene, rangeroreei to 
186 ppb were reported in forest litter samples from several 
other Canadian locations (McKeague and Kloosterman, 1974). 
High humus content is a requisite for contents of mercury to 
exceed 150 ppb in uncontaminated soils (Andersson, 1967), 
however, high levels of soil mercury are not always 
Significantly correlated with content of organic matter. 

Mow highlight thesdynamicynature of meccury 2n sor one 
further study, by Jones and Hinesly (1972) will be 


presented. These authors analyzed soil samples which were 
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collected over a 63 year period from the Morrow soil test 
Procseracy thesUniversity cfelllinornssioceveralimercunys The 
following contents of mercury in surface soil samples and 
respective sampling year were reported by the authors: 0.41 
ppm Hg in 1904 samples, 1.1 ppm Hg in 1913 samples, 0.82 ppm 
Hg in 1923 samples, 0.34 ppm Hg in 1933 samples, 0.09 ppm Hg 
in1944 samples, 0.15 ppm Hg in 1955 samples, and 0.07 ppm Hg 
in 1967 samples. The sampled plots were located in poorly 
drained positions but in 1904 a tile drainage system was 
mmStabledtieThe Sinitval risesin amounteotymercury following 
installation of the tile drainage system was attributed to 
the effects of improved aeration. With improved aeration at 
depth, mercury compounds previously stable under anaerobic 
conditions were thought to be converted to volatile vaporous 
forms. Organic matter and newly formed iron and manganese 
oxides in surface soil layers effectively trapped upward 
diffusing vaporouS mercury accounting for the elevated 
levels in samples collected in 1913 and 1923. Subsequent to 
1923, levels gradually declined as surface adsorbed mercury 
was gradually mobilized to the atmosphere eventually 
reaching a level (0.07 ppm) in 1967 commensurate with the 


geochemical abundance of mercury. 
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III. MATERIALS AND METHODS 
Two study areas, one at the Ellerslie Research Station and 
one east of Sherwood Park, in the Cooking Lake moraine, were 
selected to conduct experimental research designed to 
evaluate gains, losses, and seasonal balance of mercury 
associated with the litter layer of deciduous forested 
soils. 

The climate of the two study areas is similar and is 
characterized by relatively warm summers and cold winters 
with a subhumid moisture regime. The mean summer temperature 
(May to September) is 13°C and the mean winter temperature 
(November to March) is -9°C. Winter temperatures rarely fall 
below -40°C, and summer highs rarely rise above 32°C. The 
average frost free period is 100 days. The mean annual 
precipitation is between 40.6 and 45.7 cm for the entire 
Edmonton sheet 83-H (Bowser et al., 1962). The annual 
precipitation for the Ellerslie study area for the years 
19 eo 76 eeands 19799 \werews 42.3 cmyae .Gacn, andesd.iecn 
respectively (data from Ellerslie Meteorological Station 
records). There was no precipitation data available for the 
Cooking Lake study area. The wind velocities average less 
than 16 km/hour and the dominant wind direction is from the 
northwest (Bowser et al., 1962). 

The Ellerslie study area was located in NW-24-51-25 W4 
AnomCOuSTStecuoL ausampling)) atea \ of. about 30.5 s heetares:. 
Soils in this study area are developed on lacustrine parent 


material with native vegetation Side present. The 
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topograghy of the area is gently undulating. The dominant 
Scilce ins) thew ctudyesarea ..consists. of Eluviated Black 
Chernozems in upper slope positions and Humic Gleysols in 
the depressional sites. Morphological characteristics of the 
soil most frequently encountered (Orthic Humic Gleysol) 
during sampling within the 0.5 hectare area are described in 
Table. 

In 1979, soil temperatures at 100 cm depth at _ the 
Ellerslie study area peaked in July with an average monthly 
soil temperature of 8°C. In August and September of 1979, 
soil temperatures at 100 cm averaged 7°C for the two months. 
Soil temperatures at the 20 cm depth peaked in July in 1979 
at an Saverage | moncniy value or sl 2°C) ine 1978,.) sorl 
temperatures at the 100 cm depth, reached a maximum in 
August averaging 11.5°C and peaked at the 20 cm depth in 
July at 14.4°C (data from Ellerslie Meteorological Station 
records). 

Vegetation at the Ellerslie study area consisted 
predominantly of Populus balsamifera (Balsam poplar) and 
Populus temuloides (Aspen poplar). Understory vegetation 
included Rosa woodsi (wild rose), Cornus’ stolonifera 
(dogwood), Viburnum trilobum (high bush-cranberry), 
Symphor icarpus albus (snowberry), Prunus virginiana 
(chokecherry), Rubus strigosus (raspberry), and Linnaea 
borealis (twinflower). 

The locations of the sampling areas east of Sherwood 
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Table 1. Morphological description of the soil at the 
Ellerslie study area. 


Classification: Orthic Humic Gleysol 


Location: 


NW-24-51-25 W4 


Parent Material: Lacustrine 


Landform: Lake plain 


Vegetation: Populus balsamifera, Populus tremuloides, 
Rosa woodsii, Cornus stolonifera, Viburnum 
trilobum, Symphoricarpos albus, Prunus 
virginiana, Rubus strigosus, Linnea borealis 


Horizon 


L7H 


Ahg 


Aejg 


Btjg 


Ckg 


Depth 
(cm) 


oO 


G=510 


jhe rmeals) 


1B = 6.) 


67+ 


Description 


Black (10YR 2/1, m) semidecomposed organic 
matter; fibrous plentiful, coarse and medium, 
rangom= LoOets | abrupt Ssmootn npounGanry 91 =tO 
LS SCTimienic koe sor 6)..5 


Black (10YR 1.7/1, m) loam: moderate fine 
Granular; friable; plentiful fine and medium 
oblique exped roots; clear smooth boundary; 
TCO Mee CMietinec Korn. VU 


Brownush Dlack (2.5% 372, )m)) loam to Silt 
loam; weak, fine platy; friable; few fine 
and medium oblique exped roots; gradual 
Smooth, DOUNGLY sont CO LORCmeti ic Keser Ole) 


Olive brown (2.5Y 4/3, m) clay loam; moderate 
fine subangular blocky; firm; gradual smooth 
boundary -se46..00) 55 cmeithi cokes phe 74 


Olive brown (2.5Y 4/3, m) clay loam; massive; 
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NEGO Deo ee 2 eWay NWo OS > O2c2 sWe, and §NB=s6-52-21 Wa, -sAreas 
used for sample collection at these locations each were 
avout. 0.5 hectares. eAt, all four locations, “the landform 
consisted of hummocky moraine associated with gently rolling 
and rolling topograghy . All soils were developed on till; 
those in the well-drained topograghic positions were 
classified as Orthic Gray Luvisols. All sample collection 
Sites were located in upper slope positions. The 
morphological features of a typical pedon and the _ one 
Sampled for characterization of total mercury is given in 
Tablew2. 

The dominant vegetation at the four sampling locations 
was Populus tremuloides (aspen poplar) with a minor 
component of Populus balsamifera (balsam polar) in many of 
the lower slope positions. Understory growth included Rosa 
woodsii (wild rose), Cornus canadensis (bunchberry), Actae 
rubra (baneberry), and Corylus cornuta (hazel). At each 
Specific sampling site, aspen poplar was either the sole or 
dominant tree species present. 

In order to monitor the mercury levels in surface soil 
horizons throuqhoutsthes year sampiles* of 9G, fF ,* Hy and Ah 
horizons were collected (Ah samples only from the Ellerslie 
Site) in quadruplicate every two weeks at each study area 
Enpoughout, the years of 197/ and) 197¢._ This, trequent, salmost 
continuous, sampling was done Be) ascertain possible 
fluctations in content of mercury and its balance over the 


two years. Leaf samples from trees and understory growth 
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Table 2. Morphological description of the soil at the 
Cooking Lake moraine area. 


Ciassificatron: Orthic Grey Luvrsol 


Location: 


NWaS3 352-2 .15W4 


Parent material: Glacial till 


Land form: Hummocky moraine 


Vegatation: Populus TremulOr1des, Populus balsamifera, 
Rosa woodsii, Cornus canadensis, Actae rubra, 
Corylus cornuta. 


Horizon 


L-H 


Ae 


AB 


Bia 


Bt2 


Ck 


Depth 
(cm) 


620 


ZO e513 


So aakU 


TAS. 


Description 


Black (10YR 2/1, m) semidecomposed crganic 
matter; fibrous, abundant coarse and medium 
random roots; abrupt smooth boundary, 4 to 7 
CMpULnITCK pH no. 4 


Dull yellowish brown (10YR 5/3, m) loam to 
Silt loam; moderate, fine platy; friable; 
few fine and medium oblique inped roots; 
abrupt smooth boundary; 45to0 7 cm thick: 
DH=.65.5 


Dull yellowish brown (10YR 5/4, m) clay to 
clay loam; moderate, fine blocky; firm; few 
fine and medium oblique exped roots; clear 
SMOOtL ME DOUNDaGY = | SuLOesoecMetnick sph eb. 0 


Dull yellowish brown (10YR 4/3, m) clay; 
strong fine subangular blocky; firm; gradual 
SMOCt NM DOUNGALY + a2 2 elLOmZO mCN etn Chy eDHuoso 


Dull yellowish brown(10YR 4/3, m) clay; 
moderate fine subangular blocky; firm; 
gradual smooth boundary; 15 to 19 cm thick; 
DH eG. 3 


Brownish black (2.5YR 3/2, m) clay loam; 
amorphous to weak coarse blocky; slightly 
plastvc Bole / as 
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were collected periodically during the growing season and 
analyzed wafor etotaleemercury “in” order ito Sascertain™ the 
possible translocation of mercury from the rooting zone 
through the plant and then back to the soil surface through 
the deposition of leaves. 

Initially, the high levels of mercury reported in the 
literature for surface horizons of forested soils was 
thought to be due to the negative enrichment accompanying 
microbial decomposition of leaf fall. Accordingly, the 
extent of negative enrichment of mercury resulting from 
weight loss accompanying leaf litter decomposition was 
examined through two leaf decomposition experiments. Freshly 
fallen leaves were collected from the ground surface from 
both study areas in September of 1977 then stored in plastic 
bags in a large freezer at -10°C until the following spring. 
One decomposition study was conducted in the laboratory to 
preclude /Sinput “or gain of mercury) through” rainfall or 
aerosolic accretion. The other study involved decomposition 
pn oethe Sfield under “natural conditrons. “Inethe laboratory 
decomposition experiment, for each of the two sources of 
leaf material, two triplicate portions of moist leaves of 
about 100 g each were placed in large aluminum trays. To one 
triplicate set of samples, 10mg N (as NH,NO,) was added 
WOU bie sfUrSst WateningmatOm=pEOMmote,ttal | einwucraleeDULSGUMEOL 
microbial activity. The other triplicate set was not treated 
with nitrogen and served aS a control. Distilled water, free 


of mercury, was added to all samples at weekly intervals or 
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as required to maintain samples moist. Trays were loosely 
covered with thin sheets of clear plastic and stored at 
normal room temperature. During the initial stages of 
decomposition, small subsamples were collected from the 
ELAYSUBEVELYaGtworeweeks Gand! analyzediforsmercury, organic 
carbon, and total nitrogen. Once the samples reached an 
advanced stage of decomposition, little sample remained 
consequently subsamples were taken on a monthly basis in 
order to extend the decomposition time. 

Inethe freldrdecompostion trialsyetciplicatertrm’ psites 
were cleared of previous litter material to expose mineral A 
horizons at each of the two study areas. To each site, about 
(Se cmeakot lightly e@packed “leat@imaterialye scollected’ {the 
previous fall from approximately the same location, was 
placed on the exposed mineral soil. All sites were located 
within a canopy of poplar; sites at the Cooking Lake study 
area were located on well-drained positions while those at 
Ellerslie were located on imperfectly-drained positions. 
Subsamples were collected from each triplicate site from the 
two forested areas biweekly, air-dried in the laboratory and 
Phen) @anadlyzeduetorercontent ol mercury; eornganieucarbonymand 
COLalengerogen. 

Mercury in soil gases was determined using the copper 
foil method of Siegel and Siegel (1978). Gaseous mercury 
emanations from the soil were measured at the Ellerslie 
Studvyecceaein 19/8¥andeatmpothestudymareas sin 70o/ Jeebyer the 


copper foil technique. For the determinations, 2 mil thick, 
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high purity copper foil was cut into 5 cm? pieces. Prior to 
placement in the field the copper foil pieces were washed in 
0.1 N HCl and then rinsed with 95% ethyl alcohol. Each piece 
of copper foil was then attached to the inside of a 100 mm 
diameter glass Petri dish. Placement in the field involved 
setting the petri dishes on the ground surface in a inverted 
fashion so the the foil faced downward. In this manner, the 
copper foil was shielded from the effects of wind, rainfall, 
and particulate matter which would come into contact with 
unprotected copper foil. Copper foil vapor traps were placed 
impetriplicate above each of the LY”, H, and Ah horizons at 
Ellerslie and above each of the L, F, H, and Ae horizons at 
the Cooking Lake study area by removing apppropiate horizons 
that were not needed and placing the copper foil directly 
above the horizon being studied. Horizon material that was 
removed was not replaced as a cover over the inverted petri 
dishes. For each horizon being studied, the triplicate set 
Gf Wbraps were distributed within an “area of 0.5 m* “and 
adjacent to sites used for the leaf decomposition trials. 
The copper foil vapor traps were collected every 8 to 10 
days and analyzed for total mercury by complete digestion of 
PHemcOppemelOll “In ii criceactd. . NiSekINnd sOnmMeLCunve tua Ga nS 
Glaimedemto ebe"§ (Suitablemfor the collection oneal tearorms of 
mercury (Siegel and Siegel, 1978). 

Raingauges were placed in various locations throughout 
PheEE lemsive study abeamauning thessummenyor (9 /emin order 


to measure the possible input of mercury from precipitation. 
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Event sampling was conducted and rain samples were analyzed 
for total mercury. Five raingauges spaced at approximately 
3 m intervals were placed under the canopy of trees in order 
to collect canopy drip. Five other raingauges also spaced at 
3m intervals were placed outside the canopy in an open 
field immediately adjacent to the forested area. Open field 
rain samples were used to evaluate possible adsorption of 
mercury on live vegetation when rainwater was intercepted by 
the leaves of trees. After the first attempt in collection 
and analysis of water samples, it was found that spiked 
mercury Waspequickly) lost =fromo=thestcollected open stield 
Gaanwatenvand@canopy “drip. Addition of 500" mg K2S20,, in 
crystal form, to each collection device eliminated the loss 
of known mercury spikes, consequently, the oxidizing agent 
was added regularly to each collection container. 

Soil) samples: collected s trom ithe sstudy sareas were 
air-dried in the laboratory; organic samples were ground 
with a Wyllie-mill and mineral samples were ground with a 
Mmortareeand» pestle. eA Bportion: VObm@ theseqroundesampie was 
analyzed immediately for mercury. The rest of the sample was 
stored in ainouvgnt glass jars reG subsequent 
determinations. 

Totalm nitrogen Obmeuhescorganrceand Mineuagvesoldesanples 
was determined by the semi-micro Kjeldahl method without 
precautions to include measurement of NO,” and NO,” (Manual 
OpaSom aSamplings tandweMethodsweof PAnaliyousy mio (ORT ocad 


carbon content was determined by the wet oxidation method of 
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Walkley-Black (Manual of Soil Sampling and Methods of 
Analy Sisyeeio76) =m Hernoin Pindbeater awaseeused Hor the 
EMC cation. 

Content of total mercury was determined by a flameless 
atomic absorption method. Depending on the anticipated 
content of mercury, from 0.5 t0 2.0 g of sample was digested 
EOUVEGEBhOUrSe vat MOU2C. “using enitricwracita=@and |» Saturated 
potassium persulfate solution as described by Melton et al 
(1971). Mercury was determined by adding the SnCl, reducing 
solution to the.soil digest and measuring the generated 
mercury vapor with a Perkin-Elmer Model 303 atomic 
absorption spectrophotometer. 

The pyrolysis experiment was conducted ina manner 
Similar to that described by Dudas and Pawluk (1976). A 
series of triplicate aliquots of ground air-dry organic and 
mineral soil materials, each weighing from 1.0 to 2.0 g were 
placed in porcelain crucibles and heated in a muffle furnace 
at the desired temperature for 4 hours. The initial content 
of mercury in samples prior to heat treatments was 
established by analyzing triplicate portions of each of the 
various soil horizon samples. Temperature treatments ranged 
from 60 to 300°C. The heated samples were analyzed for total 
mercury using the flameless method as previously described 
for other samples. 

Samples of washed and unwashed poplar leaves from the 
Ellerslie study area were analyzed for mercury in order to 


assess mercury accretion on vegetation from dry deposition. 
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Leaf samples were washed in three ways. The first method of 
washing was with a dilute household detergent (1% Ivory) 
followed by distilled water, the second method was with a 
dilute laboratory detergent (1% Cationox) followed by 
distilled water, and the third method was with distilled 
water only. Washed and unwashed leaves were then analyzed 


Por total mercury after grinding in a Wyllie=milb. 
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IV. RESULTS AND DISCUSSION 
The objective of this study was to evaluate the gains, 
losses, and seasonal balance and fluctuations of mercury 
associated with surface soil horizons of forested soils. 
Inputs of mercury to the surface soil horizons were thought 
to consist of forest vegetation, rainfall, soil gases, and 
dry deposition. These were assessed by monitoring levels of 
mercury in aspen leaves and understory vegetation, in canopy 
drip and open field precipitation, in washed and unwashed 
leaves, and in soil gases during the growing season. 
Potential loss or negative enrichment of mercury was 
assessed by monitoring levels of mercury in freshly fallen 
leaves as they decomposed in the laboratory and in the 
field. The balance of mercury in the surface horizons was 
monitored to ascertain changes that may occur during the 
growing season. Information on the form of mercury in the 


litter layer was evaluated with the pyrolysis experiment. 


A. Inputs of Mercury 

Mercury in aspen leaves 

Aspen leaves were monitored for total mercury during 
the growing season. Leaf samples were collected periodically 
from both study areas during the growing season and analyzed 
for total mercury in order to ascertain the possible 
translocation of mercury from the rooting zone through the 
plantewandvethen “back “to [the «soile%surface through the 


deposmeron of leaves imsthesiail season. Four eitealaecampies 
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each a composite from three to five different trees were 
collected at various dates at each study area during the 
growing season of 1977. 

The seOtal conten: of “mercury sins) leaves» Erom ) the 
Ellerslie study area and from the Cooking Lake moraine study 
area are shown in Figures 3 and 4, respectively. The average 
content of mercury in leaves from the Ellerslie study area 
sampled in early June was 40 ppb Hg, but then dropped to 32 
ppb Hg by mid June. From the end of June, average abundances 
of the element in leaves increased to 59 ppb Hg by the end 
Otsevuly sins Carly August, thes totaisconventmotemercury1n 
aspen leaves dropped to an average of 41 ppb Hg. The maximum 
average content of mercury (78 ppb) occurred in samples 
collected in September, just as leaves were shed. 

The levels of mercury in aspen leaves from the two 
Study areas followed similar patterns during the growing 
season of 1977 (Figures 3 and 4) which suggested the 
fluctuations in levels of mercury were not just random 
variations. At both study areas, the content of mercury in 
leaves were at minimum levels at the end of June and 
beginning of July. Levels of mercury increased in late July 
and then dropped in August. Maximum content of mercury was 
reached at the time the leaves were shed in September. 

The percentage of carbon and nitrogen in aspen leaves 
at both study areas were monitored during the growing season 
and are given in Appendix I. “The content of carbon and 


nitrogen in leaves decreased gradually during the summer 
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from 51% and 2.8% for carbon and nitrogen, respectively, to 
minimum values of 41% and 1.4% for carbon and nitrogen, 
respectively, in mid September for both study .areas. 

Statistical analysis (coefficient of determination) of 
the data showed levels of C, N, and Hg and their trends 
during the growing season were similar for both study areas 
(Table 3). At each site mercury was significantly correlated 
with carbon while only with nitrogen at the Ellerslie site 
(Table 4). 

Levels of mercury in samples of aspen leaves collected 
from Ellerslie and Cooking Lake study areas can not be 
compared to samples from other areas Since there are only a 
few published studies involving mercury uptake by plants and 
most samples were collected over mineralized areas. Major 
work on this subject wasS done in British Columbia to _ study 
the geochemistry of mercury as applied to prospecting 
(Warren et a]., 1966). Levels of mercury in first year 
leaves of Populus tremuloides were measured to be 9 ppm at 
the old smelter of Pinchi Lake and 4 ppm downwind from the 
old smelter. Measurements of soil mercury indicated the 
presence of mercury anomalies. Most measurements of total 
mercury in plants are determined on samples collected from 
mineralized areas and therefore little is known about 
background levels of mercury in unmineralized areas. 

Apartial explanavion stOnethe high level ssotemercury sin 
leaves in the later part of the growing season could be 


negative enrichment with weight loss as certain substances 
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Table 3. Coefficient of determinations calculated from 
data obtained from samples of aspen leaves. 


Paramaters comparing samples Coefficient of 

of the two study areas determination (r?) 
Levels of Mercury 0.67 * 
Percentage of Nitrogen 0.66 * 
Percentage of Carbon 0.94 * 


* Significant at the 1% level 


Table 4. Coefficient of determinations calculated comparing 
levels of mercury to percentage of carbon and 
nitrogen for each study area. 


Paramater compared to Coefficient of 

levels of Mercury determination (r?) 
Ellerslie Cooking Lake 

Percentage of Carbon Om 2x 0.36%**x 

Percentage of Nitrogen 0.49x*x 0.08*** 
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are Eranslocaredgrebacka to the sttreegrbefores leaf jbatalbli, 
Nitrogen, phosporous, and potassium are found in smaller 
concentrations in freshly fallen leaves compared to green 
leaves because of translocation of substances containing 
these elements from the leaves to the wood parenchyma for 
storage before leaf fall (Kittredge, 1948). However, there 
PSeInsuLhicient totaleNarP, andsk anithe Veafsto accountstor 
thetnearly two fold increase ini the content sof »mercury sim 
the leaves during the growing season. 

Another possibility for the fluctuations and the late 
season increase in content of mercury of the leaves is that 
plant available levels of mercury vary during the growing 
season with more mercury available for plant uptake towards 
the fall season. The amount of mercury available and taken 
UpM Dyipolant | sno0otsrdepends in pact sonethe chemical formuos 
mercury. For example, roots of plants absorb gaseous mercury 
more easily than they do ionic inorganic mercury (Dolar 
Crmechk sna S ihe sikotchnys, 1973) 2 “Seasonalaptrends sin soil 
moisture and temperature can affect the levels of gaseous 
Mercury «since vemereuny | compounds in ithewesonl Geould | whe 
converted to vaporous forms upon drying and heating. In 
addition ‘to mechanisms? involvings~groob auptake, gaseous 
Mercuryeuin etheesoilvcan besreleased into tehe atmosphere (by 
dpitusmngs supwandsy yenrough petites (sovls “proiule | Vegetation 
Surfaces may then “adsorb the released mercury from the 
aemespnane a(SLege fet ecdiin nemo) a eLindberQmeh Galre wall no; 


Huckabee and Janzen, 1975), thereby ‘contributing to the 
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fluctuating and at times higher than normal background 
levels of the element detected in the aspen leaves of this 
Study. Documentation and discussion of gaseous soil mercury 
emanations and its possible contributions to levels in 
vegetation will be presented in a later section. 

Fluctuations in the measured quantity of mercury in the 
leaf samples may also reflect the daily to seasonal 
variation of the equilibrium level established between 
mercury ithate 1s 8 °translocated to thes leaf from thesroot 
System and the mercury that is lost from the leaves’ through 
evapotranspiration. Mercury is known to be taken up by 
roots, translocated to the leaves and then returned to _ the 
atmosphere in gaseous form (Siegel et a]., 1973; Jackson, 
1973). Transpiration from vegetation occurs within the first 
few minutes of sunrise when the stomata open and release 
mercury that has accumulated throughout the night (Kothny, 
Po7S eeosEven | under | condi tlonsm col M@iasruntiormeraterot root 
uptake and translocation, levels of mercury in the leaf 
would likely fluctuate due to daily and seasonal variations 
in transpiration. When warm, dry atmospheric conditions 
prevail; the plant transpires morevandythéeslevelis of mercury 
in the leaf may diminish, whereas when cool; moist 
Gondrbions Pprevall thesplantwdoesenotetranspine asemucheand 
the content of mercury in the leaf may increase. 

The amount of mercury in the leaf and its fluctuations 
most probably can be explained by a model which involves all 


the above mentioned processes. Throughout the growing season 
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mercury 1S taken up by the tree in variable quantities 
depending on plant availability and form of the element and 
is translocated to the leaf through evapotranspiration. In 
addition to root uptake leaves are also capable of adsorbing 
variable amounts of gaseous mercury depending on 
atmopspheric mercury levels. These three processes are 
believed to account for the observed fluctuations in the 
amount of mercury in aspen leaves. The extent or importance 
of each process is fundamently related to seasonal 
variations in temperature and moisture of both the soil and 
atmosphere. 

Mercury in forest understory 

Although poplar seemed to be the main source of organic 
debris of LFH horizons, understory vegetation was moderately 
dense at both sites and could serve as a significant input 
or cycling agent of soil mercury. Accordingly, a number of 
replicate samples of common understory species were 
collected from both areas during the spring and early summer 
and analyzed for mercury. 

Results for the analyses (Table 5) can be arranged into 
three categories consisting of species (dogwood, wildrose, 
bunchberry) that contain a relatively low content of mercury 
(20 to 30 ppb Hg), species (wintergreen to wheatgrass) with 
intermediate levels (30 to 60 ppb Hg), and a third grouping 
(moss, fungi, mushrooms) with the highest abundance of 


mercury. 
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Table 5. Total content of mercury in forest 
understory vegetation 


Mercury content (ppb) 


number of 


Sample samples source* range mean 
Dogwood 6 Bil] & Ck UEP rs woo SOU Le 
Wildrose 4 Ell & Ck 200 eee 25 
Bunchberry 4 Ell & Ck 20 eee oS 25 
Wintergreen 5 Ell & Ck LMS) Sm AS 54 
Twinflower 3 Bll & Ck 35 —- (50 40 
Bedstraw 3 Ell Cie) Boe ei) 40 
Wheatgrass & Eid Za eee | 34 
Moss 5 Ell WIE MEH) 80 
Bracket fungi Be Ell 10 aie) a2 
Mushrooms 6 Ell & Ck O 2m ae O° 107 
x Ell Ellerslie study area 
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Reasons for the differences in levels of mercury in the 
ENEPee@apparenteqnoupings includesionsuptake perooting ahabity 
and nearness of vegetation to the ground surface. Mercury is 
taken up during the process of ion uptake by plants, but 
levels of mercury in the plant tissue are usually lower than 
in the substrate upon which they grow. Evidence indicates 
Gherey 12S) 3a root barrier tostranslocaticon of mercury to the 
plant top. Levels of mercury in plants are higher in the 
BOOrSmethanwiine the tops: (John, 11972 )mandmplantseappear to 
Vargelyeexcludermercurysduring thei processuy of, ions yuptake 
from the soil (Lisk, 1972). It also appears that movement of 
mercury within the foliage (such as from the leaf margin to 
leaf interior) and stems is greater than that from the roots 
upward (Smart, 1968). 

The accumulation route of mercury in mushrooms species, 
like most other plants is still not known. However, a_ study 
by Minagawa (1980) suggests one of the main routes of 
accumulation could be through adsorption of mercury from the 
atmosphere. Mushrooms were exposed to mercury vapor and then 
parts of the mushroom were analyzed for mercury. The plait 
of the mushroom cap contained the most mercury followed by 
thertlesh of the cap;ethenethe cuticle, ande@then etheseilesh 
Cmemthe ww stalk, “lta WaSemalSOmmrouncmm Uhatmmmcrcunyaconeen. 
increased with exposure to the mercury vapor. 

Rootindethabit “mayealso inftimenceslevelisctonemercuryein 
tHemplanesmethneallrstptworgquoups sol) eunderstory sveceranion 


obtain their nourishment by absorbing water and dissolved 
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nutrients from the soil mineral layer which contains lower 
fevelsP*.or® mercury "as "compared to thé” organivey-surtace 
horizons above them. The third group of vegetation obtains 
its nourishment by osmotically absorbing the products of 
Organic breakdown and decay. Higher levels of mercury are 
found in the organic surface layers as compared to _ the 
mineral horizons below them. The organic surface layers 
serve aS a substrate medium for the mosses, fungi, and 
mushrooms, which act as bioaccumulators of mercury. 

The nearness of the. vegetation to the ground may also 
affect the content of mercury in plants and account for the 
three groupings in Table 5. As mercury is released to _ the 
atmosphere, for example by degassing of the soil, the 
element may be absorbed by the plants. However, since 
released mercury is dispersed rapidly and diluted with 
increasing altitude above the soil surface, those plants 
nearest to the ground surface (the third group shown in 
Table 5) are more likely to adsorb greater quantities than 
tall plants (first and second groups of Table 5) which are 
further away from the source of mercury emanations. 

Unlike the GULLS two groups of plants the 
baciaromycetes, lichens ®and™ mosses =vat \sthe™® Ellersive™ and 
Gockings Lake study » aveas "accumulated mercuny  Gomargqreater 
extent. This third group of vegetation acts as 
bioaccumulators in that it contains more mercury than its 
substrate medium. In a study of distribution of mercury 


between soil and other supportive media and life forms 
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associated with them, Siegel and Siegel (1973) showed that 
lower plant life forms were enriched with mercury. Their 
Study indicated that levels of mercury in mosses were 
enriched about 6 times compared to soil or supportive media, 
lichens about 8 times, and basidiomycetes about 3.5 times. 
The significance of understory vegetation to the return 
and/or Fetentione OCfeemercuryarineisollmewi Seed  Elicultamtco 
determine since understory vegetation was not sampled at 
leaf fall stage. However, except for magnitude, it is 
entaecupated! thatthe contribution @eobmemercuryeuabyeethe |. low 
Groupye(¢20 to 30¢ppb™Hg) “species at leafefall to the soirleis 
Similagnto. the scontribution Toft semerctiry “from™ the aspen 
Heavesw EMOSt AOL eBthe) littertallinvthesitieldsoccurred from 
the beginning of September to mid October as observed in a 
Studye Of total slitterfall ine 979eatnthe Ellerslie (Research 
Station (Sanborn, 1981). Populus species accounted for over 
82% of the total with P. balsamifera being the dominant 
COMPORENLTGOMPEISiINdeabouty Vo.e OhmtnemerOtale iat lerbalig 
Forest understory vegetation comprised less than 18% of the 
total litterfall, with Cornus stolonifera as the dominant 
shrub and accounting for 16.3% of the total litterfall. The 
contribution of the intermediate group (30 to 60 ppb Hg) of 
understory vegetation is also likelystouber likevaspen Leaves 
at leaf fall. The low and intermediate groups of understory 
Spectecm ase wells acmenhes (aspen@aleavesm consc itutesragnet 
addition of mercury to the organic surface horizons since 


the mercury in the vegetation was likely obtained by the 
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LootUsyniromeelower® depths "ine mineral esoulMion. by@direct 
adsorption from the atmosphere. 

the Peontuibutron for etherhigheqrnoups «moss, fundiy and 
mushrooms) of understory vegetation at leaf fall is probably 
Only Spartially + slekeeethe econtribution® of @aspen »tleaves: 
Instead of representing a net addition of mercury to the 
soil surface, this group of vegetation may act as retainers 
of mercury already present in the Breve. layers. 
Additionally, since this group of vegetation is also known 
to adsorb mercury from the atmosphere (Minagawa, 1980; 
Huckabee and Janzen, 1975)" ‘they’ Palso contibuteltova net 
addition of mercury to litter layers. 

Mercury in rainwater 

Raingauges were placed at the Ellerslie study area and 
canopy drip was analyzed during the spring and summer of 
1978. Precipitation outside the forest cover was also 
collected and monitored for mercury. 

Accurate evaluation of the abundance of mercury in 
rainwater can be adversely affected by certain problems 
which arise during collection of samples. Solid debris, such 
as airborne soil material, may be trapped or washed out into 
collection containers thereby adding to the apparent mercury 
levels of the liquid sample. Some or even a significant 
poneion of the mercury in collected rainvsamplesemay | become 
adsorbed onto the walls of the collection device causing an 
underestimation of mercury levels. Substantial loss of 


mercury from collected rainwater may occur in the field 
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through volatilization of the element via chemical reductive 
reactions and/or) biological methylations particularily «when 
Samples remain in the field for extended periods (Jenne and 
AVGDINS, 107 5°eAvouinseandedenne,mig75)s 

Event sampling was conducted in this study to alleviate 
Or minimize the aforementioned problems. Dry deposition 
during periods of non-precipitation was thereby avoided and 
the time during which collected rain remained in the field 
was kept to a minimum. The consequences of avoiding dry 
deposition will be pointed out later in the thesis. 
Additionally, KMnO, was placed in the raingauges to prevent 
reduction and subsequent volatilization of mercury. The 
oxidant also served aS a swamping agent for adsorption sites 
and in all liklihood, provided an undesirable environment to 
microorganisms. 

The rainwater sampling phase consisted of a total of 14 
Sampling events of 13 discrete rainfalls from early May 
Unewletbesend of | August. |For Meachwrsampling sevent, mitive 
replicates of canopy drip and five replicates of open air 
precipitation were collected and analyzed for mercury. None 
of the samples contained detectable quantities of mercury. 
After the first two sampling events, it was thought’ the 
apparent absence of mercury might be due to volatilization 
loss from containers, possibly caused by ultra violet 
photodecomposition (Jonasson, 1970). To ascertain whether or 
not volatilization loss was responsible, all containers were 


Spiked with a small, known amount of mercury (as HgCl, 
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solution) atmevhem@ onsets ‘of® each =sampling eevent.seUpon 
analysis, rain samples consistently contained amounts of 
mercury equivalent to the quantity added in the spike. The 
complete recovery of spiked mercury suggested loss, via 
VOlatilizationwmon “others mechanisms; ) «waSe note a" tfactor. 
Instead, levels in rainwater must have been less than the 
detection limit of the method used in this study. 

Although there are data for levels of mercury in air 
over mineralized and non-mineralized areas there is a 
paucity of information for levels of “mercury in° (rainwater 
over these same areas. It is expected, however, that levels 
of mercury in precipitation would be lower over 
non-mineralized areas and would increase over mineralized or 
contaminated areas. The levels of mercury in rainwater of 
the “world range from 0.05 to 0.48 ppbiwith asmeancoft 0.20 
ppb (Jonasson and Boyle, 1972). Levels of mercury in Canada 
Pangea romun0. | —toO MO:Seeppb g(Sherbin~i979)e Gecehemica® 
investigation on atmospheric precipitation in Gottinger, 
PuG Ree ae non-industrial pmedium esizedecityesituatedminga 
rural area, indicated that levels of mercury in rainwater 
Hangederrcom, 07023 Stose0. 075. ppbi with aumeankorgv 20393 ppb 
(Ruppercree 07 5). winecwedens | Chem@levelsapo Peamercury in 
rainwater were Ogee) ppb (Brune 1969) suggesting 
contamination of mercury in the environment. 

The dection limit of the analytical procedure used in 
this study to determine levels of mercury in canopy drip and 
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Samples was analyzed, there was less than 0.1 ppb Hg present 
in the rainwater. The maximum amount of mercury that might 
be returned via rainwater to the Ellerslie study site was 
calculated to be 410 ug/m?/year (4.1 g/ha/year) considering 
that the average rainfall at Ellerslie is about 41 cm and 
assuming that the concentration of mercury in rainwater is 
just at the detection limit. This level is higher than the 
amount of mercury deposited onto the soils of Sweden by rain 
which was reported to be 1.2 g Hg/ha/year (Andersson and 
Wiklander, 1965). If 4 g/ha/year of mercury was added to a 
SOllmwitheda DULKdesityeol 1.2 -0/Ccm sand stOsandepth of. 2 cm, 
the annual increase of mercury to the soil by rainfall would 
be equivalent to a maximum of 17 ppb. 

Levels of mercury in canopy drip under a beech forest 
in the Solling mountains of Central Germany averaged 0.024 
ug/liter (Heindrichs and Mayer, O77. The average 
concentration of mercury in the nearby open air 
precipitation was 0.035 ug/liter. The decrease of mercury in 
the canopy drip as it passed through the tree canopy 
suggested that mercury was adsorbed onto the leaves, twigs, 
and bark of the trees. Mercury was not detected in the 
nearby open air precipitate at the Ellerslie Study area 
Suggesting that no additional mercury was adsorbed by the 
canopy as the precipitate passed through. 
Mercury adsorbed on vegetation 

Samples of washed and unwashed aspen leaves from _ the 


Ellerslie study area were analyzed for mercury to determine 
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the extent of accumulation of the element on vegetation by 
dry deposition. Data for the total content of mercury in 
washed and unwashed aspen leaves are shown in Table 6. Each 
value represents the average of triplicate analyses. Samples 
of leaves were collected June 28 and July 5 during the 
growing season of 1978. There was no rain for 7 days prior 
tow June 28 “and “for G days prior to July 5. Dust was: not 
visible on the leaves at the time of sample collection. 

Samples of unwashed leaves collected in June contained 
36 ppb Hg (Table 6). Levels of mercury in washed leaves were 
essentially the same as in unwashed leaves. Statistical 
analysis showed there was no significant difference in the 
content of total mercury between washed and unwashed leaves 
for either of the two sampling dates. 

Results of this phase of the study indicated dry 
deposition of mercury on vegetation surfaces prior to the 
two samplings did not occur and its importance as an input 
of mercury into the forest litter remains unclear. Only two 
samplings were involved in the evaluation of dry deposition; 
however, results for canopy drip collected throughout the 
growing season also Suggests accretion of mercury containing 
Particulates on leaves is unlikely or at a rate below that 
which can be detected by the methods of this study. 

Johnson and Braman (1974) reported on atmospheric 
Speciation of mercury in Tampa Bay, Florida. Their study and 
others indicate that about 90% of the mercury in air is 
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Table 6. Total content of mercury in washed and unwashed 


aspen (Populus tremuloides) leaves. 


Mercury content (ppb) 


June 26 UUDyeed 
Number of 

Treatment * replicates range mean range 
1 3 SS eo 36 552-40 
2 3 54°39 36 35 - 40 
3 é 323 40 37 Splice ae 
4 3 SHO oe Sie! SS) Shi pase 848) 
* 71 = none 

2 = distilled water 

3 = household detergent and distilled water 

4 = labotatory detergent and distilled water 


mean 
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low level of "particulate" mercury in the air suggests that 
dry deposition of mercury onto vegetation and soil may not 
bewasesignificant as the process of ‘direct adsorption of 
mercury from the atmosphere. The latter return process is 
exceedingly difficult to evaluate and attempts were not made 
PimecnOuSeeStudy@ito “Single “out jthewcontribubion, vtaudi rect 
aasorption: 

Return of mercury in the atmosphere to the landmass 
could also occur through washout of mercury vapor by snow or 
by dry deposition of mercury onto snow surfaces. Normal 
backgouound levels otamercury “iors sthessworid in snow are 
reported to be in the range of less than 0.005 to 0.05 ppb 
with a mean of 0.01 ppb (Jonasson and Boyle, 1972). These 
levels of mercury in snow samples are below the detection 
limit of the method used to determine concentrations of 
mercury. Therefore, the amount of mercury in snow was not 
determined in this study. 

Return of mercury to the earth's surface through either 
dry deposition or precipitation was not detected in this 
study anda portion of the global cycle of mercury (Figures 
1 and 2) seems unexplained. However, mercury in the 
atmosphere most probably returns to the land surface by all 
the known mechanisms (dry deposition, rainfall, snowfall, 
Snaeecirectmmvapor “adSoupt son), DUG IChesamountceancuraces 


occur at or below detection limits at the two study areas. 
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Mercury in soil gases 

AsPartvorathes global cycle of mercurye(rigures, Ieanaez) 
involves a subcycle where mercury in the atmosphere is 
returned tomthe so1letnrough rain, dry deposition, om ainect 
adsorption. Mercury in soil can then be released back to the 
atmosphere through degassing of the soil. Measurements of 
the flux of mercury from the soil to the atmosphere are 
relatively new and not well documented. However, these 
measurements are exceedingly important in the understanding 
of the complete global cycle of mercury. 

The flux of gaseous mercury measured above each of the 
cee, cand. “Als hoLrzons= sdurcing, al oC /Gemandm 9/90 atache 
Ellerslie study area are shown in Table 7, while the flux of 
gaseouS mercury above each of the L, F, H, and Ae horizons 
during 1979 at the Cooking Lake moraine study area are shown 
in Table 8. Each value represents the average of triplicate 
field meaSurements. 

Similar patterns for the flux of gaseous mercury 
measured above the litter and mineral soil horizons occurred 
for each study area. Emanations of gaSeous mercury measured 
directly above the L, F, and H litter horizons and Ae and Ah 
mineral horizons were low or not detected during most of the 
spring and summer, but increased dramatically during August 
and September to a maximum of 4.9 ug/m*/day. The flux of 
mercury rapidly diminished during October and was no longer 
detected in November. The late summer and fall release of 


gaseous mercury in the study seems related to Seasonal 
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Table 7. Flux of mercury in soil gases collected 
above the surface soil horizons at Ellerslie 
Study area (1978 and 1979) 


Hg flux (ug/m?/day) 


Monitoring Collection 


date interval (days) L F H Ah 
1978 

July 525 8 N.D.* N.D ND nN 3 
August 4 iD NiO ee Ne Dee Nw sen as 
August 18 10 252 PA, Po aio As 
August 28 10 Zine 0.8 RAT Tek, 
October 7 8 4.2 ae 4.4 4.4 
October 18 i 126 2700 oe) ORs) 
November 2 7 NioDcme Ns Degen 3 aN lls 
Jen 

May 29 8 N.D N.D Neb Nos 
June 20 SI N.D N.D NEDon Ne Ds 
Villy 47 8 N.D N.D ND. Nes 
August 9 10 ND oe ND NED mee loo 
August 17 8 Shel 4.9 Saal 1.4 
September 16 9 Co One hae 220 
October 29 10 NeDeeN saan > mee NS 


* Not Detected 


Table 8. Flux of mercury in soil gases collected 
above the surface soil horizon at Cooking 
Lake moraine study area (1979). 


HOSr PUNY uG/ me cays) 


Monitoring Golvection 


el is) Gl tt So © 


date interval (days) L F H Ae 
May 29 8 ND teNs D cme 5 bce 
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trends in soil moisture and temperature. The purge of 
gaseous mercury occurs at a time when the soil is driest and 
warmest. For example, in 1979, soil temperatures at 100 cm 
depth at the Ellerslie study area peaked in July with an 
average monthly temperature of 8°C, while temperatures at 
the 20 cm depth also peaked in July at an average montly 
value of 12°C. Soil temperatures at the 3 meter depth 
Be6ached vavemaximunsmolecs. SoC Bin sOctobere (datas tromerhe 
Ellerslie Meteorological Station records). 

In 1978, soil temperatures at the 100 cm depth reached 
a maximum in AuguSt averaging 11.5°C, peaked at the 20 cm 
depth in July at 14.4°C and peaked at the 3 meter depth in 
August at an average montly value of 9.5°C (data from the 
Ellerslie Meteorological Station records). 

In 1979, soil moisture at the Ellerslie study area 
continually decreased reaching a minimum in the month of 
August, when the soil was too dry to measure in the B 
Hocazons (Sanborn, 196i). eine 1978Sessonle moisture bane thee.s 
horizon became too dry to meaSure during the month of July. 

These moisture and temperature patterns could well 
explain the purge of gaseous mercury observed during the 
fall season. A study by Jones and Hinesly (1972) suggests 
that as the soil becomes more areated at depth mercury 
compounds that were stable under anaerobic conditions are 
converted to volatile vaporous forms which diffuse through 


the profile to the atmosphere. 
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There are two posSible sources to explain the origin of 
Ene Mencuryecollecredron the copper foil. The first 16 that 
mercury is degassed at depths below the soil profile and 
then diffuses upward to the atmosphere. The second is that 
mercury is released to the atmosphere from the organic soil 
horizons aS microbial decomposition occurs. Using 1978 data 
for the Ellerslie study area the total flux of gaseous 
mercury was determined to be 90 ug Hg/m? over the time 
Bemiod si rom sAUguSteoaLOeOCtober, ioe limthes in ctermenorizons 
Hadwrasbulk density £oL90 25 “q/cm* and sthe depeh ctethe litter 
horizons was 20 cm there would be 100,000 grams of 4LFH 
material in one square meter. Using 90 ug Hg/m? as the flux 
and 1007000 grams %as the werght for sori, asthe “amount “of 
mercury that would have to be degassed from the soil would 
bew0.o jppbv Hoy This calculation mlustrates that’ sche ‘purge 
of mercury during the fall season represents only a small 
amount of the element. If this mercury originated from the 
decomposition of the organic soil horizons the flux should 
have been noticed earlier in the season when microbial 
activity — would have been greater. The most probable esource 
of mercury is degassing which occurs continually at depths 
below” the soil profiles lts upward migration “and release to 
the atmosphere appears to be influenced by seasonal 


variations of soil moisture and temperature. 
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B. Losses of Mercury 

Laboratory decomposition study 

Freshly fallen leaves were brought into the laboratory 
and allowed to decompose to determine if negative enrichment 
accompanied the microbial decomposition of the leaf 
material. Measurements of total content of mercury, organic 
carbon, and nitrogen in decomposing leaf material were 
started in May 1978 and completed at the end of April 1979. 
Data for the total content of mercury in decomposing leaf 
material collected from the Cooking Lake moraine study area 
and the Ellerslie study area are shown in Figures 5 and 6. 

The general trend for the levels of mercury in 
decomposing leaves are similar for leaf samples from the two 
Study areas. There waS a slight decrease in content of 
mercury through the first three months of the study followed 
by a progressive increase in levels of mercury throughout 
the duration of the experiment. Initially, the leaves 
collected from the Cooking Lake study area contained 79 ppb 
Hg. After decomposition for three months, the levels of 
mercury in the leaves decreased to 66 ppb, afterwhich 
content of mercury increased progressively to values of 250 
Dobra thesend of thesstudy. Similar eval lUcseerom mi cvels amor 
mercury in aspen leaves collected from the Ellerslie study 
area occurred during decomposition. 

Contents of carbon and nitrogen were also monitored in 
the aspen leaves tO give an indication of the degree of 


decomposition. The complete data obtained for organic carbon 
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and total nitrogen is shown in Appendix II. The trends in 
values of carbon and nitrogen with decomposition were 
Similar for samples of the two study areas. In general, the 
percentage of carbon in the decomposing leaf samples 
gradually decreased from 42% at the beginning of the study 
to 31% at the end. Percentage of nitrogen, however, 
increased from about 1.0% to about 2.0% throughout the 
duration of the study. The C/N ratio decreased progressively 
throughout the microbial decomposition of the aspen leaves 
from 48 to 15. Mercury was not significantly correlated with 
carbon for the Cooking Lake samples but was for the 
Ellerslie samples. Mercury was significantly correlated to 
percentage of nitrogen and C/N ratio (Table 9). 

Data for mercury in decomposing leaf material, with 10 
mg added N, for both Ellerslie and Cooking Lake samples are 
shown in Figures 7 and 8. The general trend in mercury 
levels with decomposition is similar to the trend without 
added nitrogen. Contents of carbon and nitrogen were 
monitored; the data appears in Appendix II. The general 
trends » for “contents of ~carbon, a natrogen. and) C/Neratio 
during decomposition for the nitrogen spiked samples are 
Similar to those trends seen for samples without added 
nitrogen. Levels of mercury in the decomposing spiked leaves 
from each study area were significantly correlated with 
carbon, nitrogen and C/N ratio (Table 10). 

Levels of mercury in decomposing aspen leaves in the 
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Table 9. Coefficient of determinations comparing 
levels of mercury to percentage of 
Carbon and nitrogen and to C/N ratio in 
decomposing leaves of samples from both 
Study areas. 


Coefficient of 
determination ar) 


Paramater compared to 
levels of mercury Ellerslie Cooking Lake 


Percentage of 
Percentage of 


Cy Near oO 


* KX 


Carbon Ora Os 0.04*x 


nitrogen 0.81*** 0.69**x 
0.46*** 0.56**x 


Significant at 5% level 
not isiqnaticant at 10% tevel 


Significant at 1% Vevel 
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Table 10. Coefficient of determinations comparing 
levels of mercury to percentage of carbon 
and nitrogen and to C/N ratio in decomposing 
leaf samples (with added nitrogen) from 
both study areas. 


Coefficient of 
Getermination (6-7) 


Parameter compared to 


levels of mercury Ellerslie Cooking Lake 
Percentage of carbon 0.17% 0.29% 
Percentage of nitrogen 0.58*x 0.76%** 
C/N ratio 0.49%x 0.46% 


* Significant at 5% level 
** Significant at 1% level 
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nitrogen. This correlation probably occurs because the 
soluble carbon fraction low in content of mercury disappears 
First as decomposition proceeds, leaving behind an 
accumulation of nitrogen and mercury due to weight loss of 
the original sample. 

There was no difference in levels of mercury in 
decomposing aspen leaves in the laboratory between samples 
that had an added 10 mg N and those that did not. The amount 
of nitrogen added was not sufficient to promote a sustained 
burst of microbial activity. Decomposition rates and levels 
of mercury between the leaf samples with the N spike and 
those without N addition were similar. 

Field decomposition study 

Poplar leaves were placed in the field directly above 
the Ah horizon at the Ellerslie study area and above the Ae 
horizon at the Cooking Lake moraine study area and allowed 
to decompose under field conditions. Three separate sites 
were chosen at each study area for the field decomposition 
study. Measurements of mercury, organic carbon, and nitrogen 
were conducted as in the laboratory decomposition study. The 
leaves in the field at each study area appeared to degrade 
twice as fast as in the laboratory. The presence of mold and 
fung@eawas “noticed Sonm™thessleaveseein™= the siveld asvthey 
decomposed. As the leaves decomposed and broke apart, leaf 
fragments were mixed into the top portion of the Ah and Ae 


horizons. 
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Data Sforme the * total “content iot mercury in the 
decomposing leaves for the Ellerslie and Cooking Lake 
moraine study areas are shown in Figures 9 and nOee 
Generally, although there were some fluctuations, the 
content of mercury remained close to 60 ppb throughout the 
decomposition period for both study areas. Average content 
of mercury for quadruplicate samples varied from 50 to 79 
ppb Hg for the Ellerslie study area and varied from 47 to 79 
ppb Hg for the Cooking Lake moraine study area. The level of 
mercury in leaves decomposing under field conditions did not 
steadily increase as was the case with the laboratory study. 

Data for mercury, organic carbon, and nitrogen of the 
decomposing leaves in the field during the growing season 
for both study areas is shown in Appendix II. There was a 
gradual decrease in percentage of carbon in the leaves at 
the Ellerslie study area with a similar trend for content of 
carbon in leaves at the Cooking Lake study area. The 
percentage of nitrogen gradually increased with 
decomposition for leaves at both locations. Statistical 
analysis showed that levels of mercury were significantly 
COLTe ated with Content Of MlErOgen son Cartoon. 

Reasons tor ther differences in themlevelc oremercuny 
between decomposing aspen leaf samples in the field and in 
the lab are not readily apparent. Factors such as 
differences in the intensity of ultraviolet light, physical 
mixing of horizons, volatilization of mercury, and leaching 


of mercury may account for the dissimilarities. 
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Decomposition of organic mercurials can be carried out 
by means of ultraviolet radiation. This photodecomposition 
reaction has been documented in studies where determinations 
of mercury were made with and without ultraviolet 
irradiation of mercury containing samples (Kiemeneij and 
Kloosterboer; 1976). Decomposition of organomercurials by 
Such e@ir badlabroneeresults ime sproduction of Hg which can 
then be wmethylated to volatile forms of “monomethyl* and 
dimethylmercury. The mercuric ion can also be converted to 
elemental mercury (Jernelov; 1972). In this study a greater 
MeEcnsuiby Col jultraviolets Llightw in) Rehemiveddtcomoaredare 
laboratory conditions could have caused greater losses of 
mercury in field samples. 

Other possible differences between samples from _ the 
field and from the laboratory include physical mixing of 
NOmuzZOnS = ances VOlatiMzatron™. oLPimercury. Crome ithe sesso: 
Physical mixing of leaf material into the underlying Ah 
horrzom aeccurred inethe field. ‘The physicalemixingescts leat 
material into the underlying Ah horizon resulted in lower 
concentrations of mercury since the Ah mineral horizon 
contained less mercury than the aspen leaf material. 
Volatilization of mercury in field samples may have occurred 
to 8a greater extent than in the laboratory. Mercury can be 
released from the soil into the atmosphere through several 
reactions such as the reduction of the mercuric ion to 
volatile metallic mercury (Jernelov; 1972) One oxidation gro: 


mercury to its bivalent form (Hg*’*) can take place, where it 
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is then converted biologically to volatile monomethyl and 
dimethylmercury (Jernelov; 1972). Volatilized mercury in the 
field may have dispersed rapidly into the atmosphere because 
of air movements. However, in the laboratory, volatilized 
mercury may have redeposited or readsorbed onto the decaying 
plant tissue because of the lack of air movement (pans were 
covered with polyethylene sheets). 

Leaching of mercury was initially considered a possible 
process contributing to the observed differences in contents 
of mercury in the field and in the laboratory. However, 
analysis of liquid at the bottom of the decomposition pans 
did not reveal the presence of mercury. More importantly, 
levels of mercury in the soil profiles of the two study 
areas indicates leaching of the element has not occurred 
(Table 10). Levels of mercury in the lower soil horizons are 
generally less than the amount originally present in the 
leaves at the start of the decomposition study. Tripp and 
Harriss (1978) suggests that aS decomposition occurs’ the 
soluble cellular fractions which are low in mercury are 
released first indicating that the mercury 1s retained ina 
fraction of the organic tissue which iS more resistant to 
decomposition. Their results also suggest mercury would not 
be eaSily or rapidly leached from decomposing plant debris. 

At the onset of this study it was believed that high 
Teyvyelseeoft mercury reported Jin Sforeste litter were dueco 
fedabiversenrichment (Or the melenent ase ythe eleat Seri Gter 


decomposed. The concentration of mercury in aspen leaves in 
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Tables Levels oh mercury in Soil. protmlesstor both 
the Ellerslie and Cooking Lake study areas.* 


Ellerslie Cooking Lake 
Horizon Hg (ppb) Horizon Hg’ (ppb) 
L 114 L 94 
F 85 F Wee 
H 69 H 60 
Aheg 1a Ae 9 
Aejg 16 AB 19 
Btg 60 Bt 1 36 
Ckg 58 Bt2 48 

Ck 37 


x Samples collected September 18, 1979 
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Bhepoveldtat thewstart: sof ¥adecomposiutions was i .oDbessor 
Bilerslie *samples=send @56 (ppbesfom Cooking Lake isamp!es. 
Initially, in the laboratory decomposition experiment the 
content of mercury was 73 ppb for Ellerslie samples and 79 
ppb for Cooking Lake samples. At the end of equivalent 
decomposition (using C/N ratios) the comparable 
GoncentGation of mercury. was wi60) pobeetons Hilersliceslab 
samples and 60 ppb for Ellerslie field samples in mid 
November and 110 ppb for Cooking Lake lab samples and 57 ppb 
for Cooking Lake field samples in late September. Results 
from the field decomposition study indicate that negative 
enrichment does not occur in decomposing leaf samples taken 
from the field. Negative enrichment due to weight loss in 
decomposing leaves occurs if there are no simultaneous 
losses of mercury aS decomposition proceeds. Assuming no 
such losses and using the aforementioned laboratory values 
for levels of mercury to set conservative minimum values due 
to negative enrichment suggests there is a substantial net 
loss of mercury in the field samples during decomposition. 
This net loss is due to the volatilization losses that occur 


in the field. 


C. Seasonal Variations in the Balance of Mercury 

Content of mercury in surface horizons at the Ellerslie 
and Cooking Lake study areas were monitored during 1977 and 
1978 to ascertain the nature and extent of possible 


fluctuabione.  ~TOta le iconcent of soil mercury varied 
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considerably among the surface horizons of each study area; 
however, the pattern of variation amongst horizons was 
Similar between samples from the two locations for both 
years. 

The abundance of mercury in surface soil horizons at 
the Ellerslie study area for 1977 is shown in Figure 11. 
This data typifies the seasonal behavior of mercury 
monitored at both study areas for the two years. Each data 
point in the figure represents the average of analyses of 
quadruplicate samples. Levels of mercury in the surface 
organic horizons were relatively high in early spring, then 
diminished through early June, fluctuated during late June 
and through July, and reached minimum levels usually in 
August. Starting at about mid August, levels of mercury in 
the organic surface soil horizons increased sharply to 
maximum or near maximum levels in September afterwhich 
levels declined close to summer levels. 

Contents of mercury in L,eh, H, and Ahwhorrzonsetor =the 
first sampling event in early spring 1977 at the Ellerslie 
Studvas area were 9/3) 20) 62, anda /—eppbmHG, respectively, 
and then decreased to minimum values of 54 ppb Hg in late 
Julyvemtonu tne 0b horizon, 99 pob Ho ine mideAuguses lors chesh 
horizon, 37 ppb Hg for the H horizon in mid August, and 15 
DpDe fon the Ah horizonsin=lare Wune. Thesteveloeor mercury 
insaspeneleaves at leaf @fall fare ssimi lar to levels mice 
fercuryaeon the =. horizon torethestins: esamplingsingear by 


spring . Maximum levels of mercury in L and F horizons 
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occurred in September and were 106 and 131 ppb Hg, 
respectively. Maximum levels of mercury in the H_ horizon 
occurred in late July at a value of 76 ppb Hg, while maximum 
levels of mercury in the Ah horizon were obtained in the 
First Sampling in early June at ea value of 27 ppb Ha. 

Trends Lor ethe content sof smercury. “ines usurtace =So1] 
horizons at the Cooking Lake study area (Figure 12) were 
Similar to those at Ellerslie. The only major difference 
occurs in the F horizon between samples of the two study 
areas. Levels of mercury in the F horizon from the Ellerslie 
Study area are relatively high in early June and then 
rapidly decline in mid June and fluctuate in late June and 
July and reach minimum values in mid August. However, levels 
of mercury in the F horizon from the Cooking Lake study area 
are relatively high in early June and remain high until July 
when values then start to decline reaching minimum values in 
mid August. Maximum levels of mercury in the H horizon from 
the Cooking Lake study area occurred in September, whereas 
in samples of H horizons from Ellerslie maximum levels of 
mercury were in July. 

GEontent of mercury “was higher in =the L and — horizon 
Samples collected at the Cooking Lake moraine) “study "area 
than in comparable samples collected at the Ellerslie study 
area. This observation may be due to differences in climate 
and vegetation of the two study areas. Cooking Lake has a 
cooler, moister climate andwis) predominantly in a forested 


area, while Ellerslie is in a grassland area. There would be 
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lessebiologicaltactivity tat Bethe iGooking Bbakeweatudy | anea 
Fesulting@ain thighen “levelsie of@emercurys® in tthe) Deandir 
horizons as compared to Ellerslie. There was no significant 
difference in content of mercury between samples of H 
horizons collected from both study areas. The aforementioned 
difference was also observed again in 1978 samples (Appendix 
le 

The level of mercury was generally highest in the F 
horizon and lowest in the Ah horizon at any given sampling 
date. In general, the L horizon contained higher levels of 
mercury than the H horizon. Statistical analysis showed that 
themeleviels? fot=imercury —1ne veachssongetne, ebrer, GH, rand An 
horizons at the Ellerslie study area for the entire season 
were Significantly different at the 1% level. Levels of 
mercury in eagh of the L, F, and*H horizons at the Cooking 
Lake moraine study area were also Significantly different at 
the 1% level. 

These differences in the amount of mercury amongst 
horrzons “are likely “due to imercury concentrating in 
Materials “resistant to decomposition andivolatilizatiron jot 
mereury due to microbial degradations fof» the» more “highly 
resistant materials. In a study by Tripp and Harriss (1978) 
90% of total mercury in mangrove leaves was found to be 
concentrated in cell wall materials which are highly 
resistant to decomposition and 10% of total mercury was 
associated with cellular fluids and components which are 


easily degraded. This investigation suggests that enrichment 
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oramercuny@ingthesh horizon at Bllenclteesand =Cooking sake 
Study areas results as the aspen leaves in the L horizon 
decompose. During early stages of decay of the leaves, 
soluble cellular fractions which are low in mercury are 
utilized? by microorganisms.eThiseresultsein anveincreases an 
concentration ~of— mercury Pin = therermuhomzone las. chermore 
resistant materials accumulate and form a major part of the 
Organic residues in the forest litter. As decay of the plant 
material proceeds microbial degradation of the more highly 
resistant materials such as lignin occurs by basidiomycetes, 
ascomycetes, actinomycetes, and several groups of bacteria 
(McLaren and Peterson, 1967). Release of mercury from the 
SOil due to biological activity results in lower levels of 
mercury found in the H and Ah horizons. 

There appear to be seasonal systematic and 
nonsystematic trends in levels of mercury in litter and Ah 
samples from the two study areas (Figures 11 and 12). The 
Systematic trend includes relatively high levels of mercury 
in surface soil horizons in early spring, minimum levels of 
mercury in late July to mid August, maximum or increased 
levels of mercury in late summer and early fall, and then a 
decline in content of mercury in late fall to summer values. 
These systematic trends reflects the net balance of losses 
and ssaddi tions. “Ob® mércunyaywhichhintpart@arce controlled by 
seasonal changes in environmental conditions such as 
temperature sand moistures Nonsystematic trendssonrapparently 


random fluctuations in levels of mercury occur through the 
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Summer months. 

In general, in early spring, levels of mercury in the 
LFH horizon samples are relatively high and then decrease to 
lower levels of mercury in summer. These relatively high 
early spring values may be due to low level continual 
degassing of the earth's crust through the winter. Mercury 
vapor may Slowly permeate the frozen subsoil over the winter 
months and accumulate in the surface soil horizons. The 
relatively high levels of mercury in surface soil horizons 
may also originate from addition of mercury from melted 
SHOW seLDEY “depoSltion of = mercury sor sidirech™ adsorption sor 
mercury from the atmosphere to snow may occur (Matheson, 
1977). As the snow melts mercury is released and temporarily 
enriches surface horizons. 

Levels of mercury diminished during June and then 
fluctuated in an apparent random manner during the summer 
months “prior to the’fall season*climb. 'This*June, duly, “and 
early August portion of the seasonal pattern likely reflects 
the combined effects of microbial activity on the 
VOlarikuzavion loss of mercury and a Seonstant® on 
intermittent low level source of addition of the element to 
6rdanie Soil horizons. Specitically ,@the deciimeminglevels 
during June can be attributed to rapid volatilization loss, 
probably involving a methylation reaction, in response to 
the flush of microbial activity which likely ensues as_ soil 
temperatures increase from the cold, late winter and early 


Spring conditions. Heating and drying of the soil would by 
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utself promote desorption, of the’ élementr and some of J1£s 
volatile compounds. During the summer months, volatilization 
of mercury by microbes would continue at rates that would 
fluctuate partly according to the response of the organisms 
and their numbers to fluctuating soil climatic conditions. 
Distribution and form of mercury within the decomposing 
litter and purely chemical volatilization reactions not 
directly involving microbes could also contribute to the 
observed pattern. Since levels of mercury do not continually 
decline or plateau at some low level during the summer 
months, one can only conclude that while loss of the element 
is a constant process, it is also being added to organic 
soil horizons during the summer months. As mentioned 
previously, the exact nature and magnitude of all sources of 
addition were not identified in this study. Low-level 
Sporadic sources, such as multiple gaseous emanations, along 
with transfers of mercury amongst horizons could contribute 
to the seemingly random pattern observed in the summer. 
Maximum levels of mercury generally occurred in samples 
Gf Ly) F, and) H horizons during late Summer and early fall as 
comparedstoenlevelse encountered Gduring ithe “rest, Botmurhe 
Guowingeuseason." «These™prallegseason peakeievéeiseofemercuny 
likely arise from the adsorptionsof gaseous mercury. It will 
be recalled that a purge of mercury was detected in soil 
vapor during the months of August, September, and October, 
with peak values recorded during September. The upward 


diffusing vaporous mercury 1S adsorbed on Organic matter 
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accounting for the elevated levels of mercury in the soil 
during September. These elevated levels of mercury decrease 
as adsorbed mercury is mobilized to the atmosphere through 
volatilization processes. 

Results of this phase of the study show that changes 
Decurmelm (the [mercury stacussof Luvisoliro so? lis ein each of 
Enep hy Ee HpeandeAhpencrizons  Sdurind mmaseg!venm yearn suaMose 
previous studies on soil mercury have dealt with static 
measurements of total quantity of mercury present in soils 
to assess normal background levels (Dudas and Pawluk, 1976; 
McKeague and Kloosterman, 1974). However, this study 
illustrates static measurements can be quite misleading as 
there are fluctuations in normal background levels of 
mercury in a given soil during the seasons. These 
fluctuations, although not previously documented by others, 
are not sSurprisSing since mercury is well known for its ease 
of mobility especially aon biologically enriched 


environments. 


D. Form of Mercury in Soil 

Upon completion of the work dealing with the dynamics 
of mercury in the two forested sites, it was felt that some 
Characterization data of the (form(s) ~of mercury®> in the 
Studied samples would be useful as further verification of 
the diverse nature of soil mercury. The task of elucidating 
forms of mercury is rendered exceedingly difficult by the 


potential, occurrence sole many discrete compounds and 
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nondiscrete organically complexed forms of the element 
within a soil. Most methods now available, largely developed 
for air and water analysis, are suitable for quantifying 
only single discrete forms such as elemental, methylated and 
inorganic forms of the element (Trujillo and Campbell, 1975; 
Baughmansel tal. 41973" (Cappon GandeSmi thre io77,tblly, 21S /s. 

Forepractical reasons, “form m@ofymerciiry sinethicaustudy 
was evaluated uSing a pyrolysis method originally developed 
by Koksoy et a]. (1967) for characterization of geological 
materials. Their method involves measurement of temperatures 
at which thermally induced volatilization of mercury occurs 
from solid samples. Results are plotted as a curve depicting 
the relative loss of mercury with increasing sample 
pretreatment temperature. For samples containing a discrete 
mercury compound, extensive liberation of mercury occurs 
within a narrow temperature range corresponding to the 
decomposition temperature of the mercury compound.For 
samples containing a number of discrete mercury compounds a 
Similar number of inflection points would be observed in the 
mercury loss jonone: corresponding torveach*s compoundis 
decomposition temperature. 

in this study, samples used for the pyrolysis 
experiment were composite samples from each of the L, F, H, 
and Ah horizons prepared by combining samples from both 
study areas, except for the Ah horizon composite which was 
pLeparedmmrnom. avellixture foteAngsamples@tromerneshitersiae 
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the horizons collected in September when contents of mercury 
in the samples were at an elevated level. Composite samples 
were also prepared of each of the L, F, H, and Ah horizons 
collected in July when contents of mercury in the samples 
were not at an elevated level. 

Data for the liberation of mercury from the July 
samples are shown in Figure 13. Each value representing loss 
of mercury with heating is the average of triplicate 
analyses. Loss of mercury from the July samples was first 
detected at pretreatment temperatures of 60°C. By heating 
Samples to 150°C only about 15% of the total mercury was 
lost; however, by pretreatment temperatures of 175°C about 
50% of the total mercury was liberated. Between 80 to 85% of 
the total mercury was liberated from July samples when 
heated to 210°C. At pretreatment temperatures of 300°C 
mercury was completely liberated from L and F horizons and 
about 15% of the total mercury remained in the H and Ah 
samples. Mercury loss patterns for each of the horizons were 
Similar, but samples of L horizon material consistently 
displayed the lowest relative loss of mercury with heating 
PEOM@O Vm Ome 2 oC, 

Mercury loss patterns for September samples were 
denerally similar to thosesforsthe duly sampleswm(higurem!s): 
However, there waS a greater relative and absolute loss of 
mercury: with heating atmthe 50 togis0°C interval sirom [,oom, 
and H samples collected ingSseptember compared» to the same 


samples collected in July. As before, samples from the L 
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horizon displayed lower relative losses of mercury at 
pretreatment temperatures of 60 to 150°C. Greater amounts of 
mercury were liberated from the L, F, and H samples than 
from the mineral containing Ah samples at heat pretreatments 
Cleo 0REO 2252Ce 

Results of the pyrolysis experiment suggested that the 
samples contained a variety of mercury compounds and/or a 
variety of ways in which the element is bonded to _ organic 
constituents. The liberation of mercury from soil samples 
with heating occurred for the most part in a gradual manner 
Father “unlike the» results of "Koksoy -etevaia (1967) for 
discrete inorganic mercury containing compounds. A _ broad 
spectrum of forms of mercury seems the most apparent reason 
for the overall gradual release characteristics. 

The mercury loss curves for the September samples 
(Figure 13b) seem to consist of four general Segments: one 
segment representing relative loss from room temperature up 
to the 60°C pretreatment temperature, another segment from 
60metose150°Gs “a “third @correspondingestos the 1508to 225°C 
pretreatments, and the fourth for temperatures greater than 
Paro ON 

Obviously, thesfirst jseqment) represents, Loss sofy othe 
most volatile and/or weakly bonded forms of mercury. Species 
which most likely correspond to this low temperature segment 
include adsorbed elemental mercury and possibly methylated 
MeLcucy sm ihhu US pareCOQulzedusLhat seInrerpReterlonmmot@etiic 


segment, like the others is not without ambiguity. The loss 
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of mercury within segments may reflect the presence of more 
than one mercury compound or alternatively, the gradual loss 
pattern may arise when only one form is present but 
chemically bonded with various ‘strengths to organic and 
inorganic soil components. 

Speculation on the form of mercury represented by the 
second loss segment (Figure 13a and b, 60 to 150°C) is based 
on the differential behavior in mercury loss between F, H, 
and Ah samples versus L samples and a consideration of the 
inberpretation of the tthird seqment (1508to 225°C)m) sInv the 
third segment, all samples lost the greatest absolute 
quantity of mercury and ina very similar fashion (based on 
the slopes of the lines). For L horizon samples, the third 
segment must correspond to the loss of that mercury which is 
chemically bonded to constituents within the leaf tissue. 
Available evidence indicates its form in raw plant tissue is 
largely as divalent mercury (rather than methylmercury) 
covalently bonded with nitrogenous and sulfhydral groups of 
proteins some of which occur as constituents of cell walls 
(Jernelov.,, 1969; Tripp and Harriss, 1978; Minagawa 6€€ al., 
1980). Since the samples of L horizon consist essentially of 
undecomposed leaf material, the bulk of mercury contained in 
such samples must occur in the same aforementioned forms and 
that these forms decompose liberating Hg°® through the 150 to 
Z258C) pange. eSinceslaberationnof mercurys fromeky hheand Gan 
sanplesmelosely parallel @themloss@eiromemthe “ie isample@ fox 


third temperature segment (e.g. Figure i3a ), these same 
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Forms. /(namelye°Hg?- e¥covalently= ibonded™ tous anduN) @ likely 
contribute the major form of the element in all of the four 
studied surface horizons. If this explanation is accepted, 
then losses of mercury in the second temperature segment (60 
to 150°C) likely represent forms largely other than S and N 
bonded Hg** since samples of L horizon display little loss 
of mercury with heating at temperatures less than 150°C. 
What these other forms are still remains to be clarified; 
their thermal stability is lower than covalently bonded 
mercury. Hence it seems probable that the forms would 
include adsorbed organomercurial compounds and/or mercury 
associated with humic materials. 

Within the fourth temperature segment (225 to 300°C) 
little additional mercury was liberated from H and Ah 
Samples with some mercury remaining after heating to 300°C. 
All mercury was liberated from samples composed strictly of 
erdqanic, material "VG eRandek  horizonse@epricr to vor ate 300°C. 
These results are indicative of the presence of a minor 
quantity of mercury (10 to 20% of total) contained within 
admixed mineral material in Ah and H samples as _ has_ been 
suggested by others for mineral soil samples (Dudas and 
Pawluk, 1976). 

The major difference between September and July samples 
iseine the quantity of mercury liberated with heating arso0°C 
(i.e. the first segment). The pyrolysis data shows the 
previously discussed elevated fall season values in FH 


horizons (pages 86 to 87) are indeed caused by adsorption of 
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volatile mercury forms onto the organic soil horizons in 
agreement with the data on emanations of gaseous mercury 
from soil (pages 58 to 62). In the section on mercury in 
aspen leaves (pages 38 to 46) it was shown mercury in aspen 
leaves reached its highest concentration in the fall season 
just when gaseous mercury emanations (as detected with 
copper foil) displayed maximum flux. This then lead to the 
Suggestion (pages 44 to 45) that high levels in leaves was, 
in part, due to foliar adsorption of mercury emanating from 
the soil. Results of the pyrolysis experiment indicates this 
explanation involving foliar adsorption is rather tenuous 
Since the L horizon, through which the emanating mercury 
must pass to reach the leaves on trees, 1S not a tenuous 
adsorbant of gaseous forms of mercury. There is no reason to 
believe fresh leaves on the trees should have a greater 
adsorption capacity than the slightly decomposed leaves of 
the “L horizon. Consequently, it appears root uptake of 
gaseous mercury figures more prominently in explaining the 


fall season levels in aspen leaves. 
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V. SUMMARY 

This research was done to further the understanding of the 

dynamic nature of mercury in’ two™ Alberta forested Soils 

particularily in relation=to assubeycle of the total. global 
cycle of mercury as shown in Figure 14 (taken from Kothny, 

US7 3) They cycle mot; amercury un onatume Piseinot totally 

understood since the biogeochemistry of the element is very 

complex as mercury “Occurs ain’) numerous "forms | ing) the 
environment (solid, solute, gas, adsorbed vapor) and there 
1S a constant cycling of mercury between the different 
environmental reservoirs. 

The principal findings of this investigation were as 
follows: 

1. Results of this study show normal background levels of 
mercury a forest soils fluctuate seasonally in a 
Systematic manner. Levels of mercury in the surface soil 
horizons (L, F, H, and Ah) were relatively high in early 
spring, generally lower during June and July and 
decreased to minimum levels of mercury in August. 
Starting in August content of mercury increased 
dramatically ele) maximum levels in late September 
afterwhich levels declined towards summer values. The 
increased levels of mercury in September in litter 
layers coincides with the emanations of gaseous mercury 
during the fall season and appears related to seasonal 
Changes in, Soil jmolsture Sands temperature bevels ot 


mercury were generally highest in the F horizon and 
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Figure 14. The cycle of mercury in nature. Residence times are 
in years and months. Numbers on routes are tons per 
day. Immobilized tonnage is indicated below each 
component. (taken after Kothny, 1973). 
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lowest in the Ah horizon at any given sampling date. In 
general, levels of mercury were higher in the L horizon 
than in the H horizon. 

Bievated levelsweoh Gmercuryeein \storestepbitter@marers 
Emansivent feature! foccurring Gach’ fall “season. “These 
elevated levels appear to result from the absorption of 
vaporous mercury on organic matter of the surface soil 
horizons as it diffuses upward through the soil profile 
during the fall season. Originally, it was believed that 
litter layers of Luvisolic soils contained higher levels 
of mercury than grassland soils because of negative 
enrichment as the leaf material decomposed. The 
decomposition experiments, however, indicate that a net 
loss of mercury accompanies decomposition of organic 
debris. In previous studies where elevated levels of 
mercury were reported, sample collection probably 
occurred in the fall season. 

Cycling of "mercury occurs by “the biota largely via 
vascular plants; role of non vascular plants is to 
increase mean residence time of mercury in organic 
layers» thereby econtibuting “tom tevels ~higher) than gin 
Grassland Ah horizons. Results ol thus = study suindreate 
that the majority of mercury added to the surface soil 
horizons occurred through the deposition of leaves of 
vascular plants atwleatg@iall 

Mercury was not detected in rainwater or canopy drip of 


this study, suggesting mercury addition via this source 
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to soils of the two study areas must have been less than 
the detectiont limit of @themilamelesseAA method. ASeShown 
nePigure $14>@iwashoutigofurmerciryauby wraintall only 
accounts for a very minor amount of atmospheric mercury 
returned to the soil. 

Return of mercury from the atmosphere to the soil by dry 
deposition of mercury on leaves must have also occurred 
in amounts below detection limits. Removal of 
atmospheric mercury by dust particles through rainout or 
fallout is the major process for return of atmospheric 
mercury to the soil (Figure 14). However, results of 
this investigation suggested that dry deposition was not 
a major process in the two study areas. Perhaps fallout 
of atmospheric mercury by dust was not adequately 
assessed in this’ study. Only two sampling events were 
involved to directly evaluate dry deposition; however, 
the more extensive measurements involving canopy drip 
also suggested that mercury input via dry deposition was 
less than what could be detected by the techniques and 
methods of this study. Mercury in the atmosphere likely 
returns to the soil by all known mechanisms such as dry 
deposition, tainrcoaliysssnowlal? and direct vapor 
adsorption. However, the amounts of mercury deposited 
onto the soil of the two study areas are at or below 
what could be detected with the methods and manner of 
sampling employed in this research. 


Emanations of gaseous mercury were not detected during 
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most of the spring and summer but increased sharply 
during August and September. This flux of mercury 
decreased rapidly during October and was no. longer 
detected in November. The fall release of gaseous 
mercury appears to be related to seasonal trends in soil 
moisture and temperature. The mercury emanations of 
coincides with the increased levels of mercury in litter 
layers and in aspen leaves during the fall season. 

7. Results of the pyrolysis experiment suggest there is a 
variety of forms of mercury present in the surface soil 
horizons such as elemental, methylated, and divalent 
mercury and/or a variety of ways in which mercury can be 
bonded to organic constituents such as covalent and 
other various forms of chemical bonds. 

Previous studies on soil mercury have dealt with static 
measurements to obtain background levels. These static 
measurements can be quite misleading, as this. study 
indicates, because the mercury status in each of the surface 
soil horizons fluctuates during the seasons. Seasonal 
fluctuations and balance of mercury were assessed in this 
study and illustrate the dynamic behavior of mercury in 
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Appendix I. Content of mercury , carbon, and nitrogen in 
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APPENDIX III. Results of pyrolysis experiment. 


Table 1. Mercury loss for soil samples showing liberation 


of mercury with heating. 
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Table 2. Mercury loss for soil samples (with elevated levels 


of mercury) showing liberation of mercury with heating. 


Sample % total loss Hg at 
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